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Lithium ion batteries (LIBs) are the promising dc- energy source for portable 
electronic devices such as notebook computers, cell phones and camcorders due to their 
light weight, high energy density and durability. To satisfy the ever-increasing demand 
for high energy density LIBs for the applications in electric and hybrid electric vehicles 
(EV/HEVs), lot of research effort is expended to improve the performance of the LIBs in 
terms of higher energy density, lower cost and safety-in-operation. To achieve the 
improvements, there is a need to improve the performance of LIB components, i.e., 
cathode, anode and electrolyte. In this context, a number of materials are being 
investigated as alternatives to the graphite anode presently being used in LIBs. This 
Thesis presents studies on mixed metal oxides and cobalt nitride as prospective anode 
materials for LIBs based on the Li- recyclability by electrochemical processes such as 
‘conversion’ reaction involving nano-size metals or formation/ decomposition of Li-
metal alloy.  
 Chapter I describes the LIBs, principle of operation, development of LIBs, 
applications, world market and need for R&D and selection criterion of electrode 
materials for LIBs. This is followed by the literature survey on the major battery 
components, such as cathodes, anodes and electrolytes. The realization of LIBs using the 
various combinations of anodes and cathodes other than graphite and LiCoO2, and 
motivations of present study are also described. The methods for materials preparation, 
their physical and electrochemical characterizations have been described under the 
experimental techniques in Chapter II. 
  xii
 Chapters III to VI describe and discuss the results. Chapter III describes the 
studies on Mo- cluster compounds, LiYMo3O8, LiHoMo3O8 and A2Mo3O8 (A = Mn, Co, 
Zn). The compounds were synthesized by carbothermal reduction and characterized by 
XRD, SEM and HR-TEM. The lattice parameters were calculated by fitting the XRD 
patterns using Rietveld refinement (Topas R 2.1 software). Selected compounds were 
characterized by FT-IR, Raman and magnetic measurements. The electrochemical 
properties were evaluated by galvanostatic cycling, cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) techniques. The underlying reaction 
mechanism is the ‘conversion’ reaction of the Mo, Co and Zn particles with Li2O to form 
MoO2, Co3O4 and ZnO reversibly except for Y, Ho, Mn. In addition, the reversible 
formation and decomposition of LiZn- alloy also contributes to the reversible capacity for 
the compound with, A = Zn. The reasons for an increasing trend of the reversible 
capacity with an increase in the cycle number for LiYMoO8 and LiHoMoO8 are 
explained. The heat- treated electrode (300 oC; 12 h; Ar) of A = Co, Zn showed better Li- 
cycling performance compared to bare electrode and an explanation is given. The 
impedance data on LiYMoO8 at different depths of discharge and charge during the 1st 
and 5th cycle have been analyzed and interpreted.  
 Chapter IV describes the studies on nanoflake CoN thin film. The compound was 
prepared by RF magnetron sputtering and characterized by XRD, SEM, HR-TEM and 
RBS technique. The composition and thickness of CoN was calculated from RBS 
measurements. Galvaonostatic cycling and cycling voltammetry showed that the reaction 
appears to go through intermediate phases, (Li3-xCox)N. The nanoflake CoN showed an 
initial reversible capacity of 760 (±10) mAhg-1 which increases consistently to 990 
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mAhg-1 (2.7 moles of Li per mole of CoN) at the end of 80th cycle, when cycled at 0.33 
C-rate in the voltage range, 0.005 – 3.0 V. The reasons for increasing trend in capacity 
are explained. Excellent rate capability is also shown by nanoflake CoN. At 0.59 C, a 
capacity of 950 (±10) mAhg-1 (2.6 moles of Li) after 80 cycles, and at 6.6 C, a capacity of 
690 mAhg-1 (1.9 moles of Li) at the end of 50 cycles, are observed. 
 Chapter V consists of two parts. In Part I, results on micron- size tin hollandites, 
K2(M2Sn6)O16 (M = Co, In) are discussed. The compounds were synthesized by the high 
temperature solid- state reaction and characterized by XRD and SEM. Galvanostatic 
cycling and cyclic voltammetry showed that Co behaves as better matrix element 
compared to In  in the voltage range, 0.005-0.8 V. The tin hollandite with M= Co showed 
a decreases in reversible capacity from 458(±10) mAhg-1 at the 5th cycle to 415(±10) 
mAhg-1 at the end of 40th cycle with a capacity retention of 91 %, whereas for M = In, the 
reversible capacity decreases from 584(±10) mAhg-1 at the 5th cycle to 465(±10) mAhg-1 
at the end of the 40th cycle with a capacity retention of 80%. The higher capacity noticed 
for M = In is due to extra consumption of Li (formation of Li3In alloy).  
In Part II, results on nano-phase tin hollandites, K2(M2Sn6)O16 (M = Co, In) are 
discussed. The nano-phases were prepared from the pre-synthesized compounds (of Part I) 
by high energy ball-milling (HEB) and characterized by XRD, HR-TEM and SAED. The 
TEM data revealed that the particle size is < 10 nm. The crystallite size was calculated by 
using Scherrer equation. The nano-phase tin hollandites showed better Li-cycling 
performance compared to that of micron- size. When cycled at 60 mAg-1 in the voltage 
range, 0.005-0.8 V, the nano-phase with M= Co showed a high and stable capacity of 500 
mAhg-1 up to 60 cycles after which a capacity- fade of 4 % occurs in the range of 60-80 
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cycles. Excellent rate capability was also shown: At 1 C-rate, it showed a capacity of 410 
(±5) mAhg-1 stable up to at least 100 cycles. Under similar cycling conditions, nano-
phase with M = In, showed an initial capacity of 570 (±5) mAhg-1, which dropped to 485 
(±5) mAhg-1 (15 % loss). Significant improvement has been noted in the heat- treated 
(300 oC; 12 h; Ar) electrode of nano-phase with M = In, which showed a stable capacity 
of 570 (±5) mAhg-1 in the range of 5-50 cycles. Small capacity- fading (3%) is noted 
between 50 to 60 cycles. When cycled to the upper cut- off voltage of 1.0 V, the nano-
phase with M = Co showed slightly higher capacity which is stable up to 30 cycles, after 
which capacity-fading of 6% occurs in the range of 30-60 cycles. Impedance spectra 
measurements on nano-phase with M = Co during the first- cycle and 11th discharge cycle 
have been carried out and the data was interpreted. The apparent Li- diffusion co-
efficients (DLi+) are also evaluated from EIS data and discussed. 
 Studies on nanocomposites, SnO(V2O3)x (x = 0, 0.25, 0.5) and SnO(VO)0.5 are 
described in Chapter VI. The compounds were prepared by high energy ball- milling 
(HEB) and characterized by XRD, SEM and HR-TEM. The SnO and SnO(VO) are 
unstable to HEB and SnO disproportionate to Sn+SnO2. The crystallite size of 
nanocomposite, SnO(V2O3)0.25 was calculated by using Scherrer equation. The SEM and 
TEM data revealed that the particle sizes of the nanocomposites are < 30 nm. 
Galvanostatic cycling and cyclic voltammetry showed that reduction of particle size to 
nano-size and introducing V2O3 and VO as inactive matrix improved the Li-cycling 
behavior of SnO. The reversible capacity of these nanocomposites arises due to the 
alloying and de-alloying of Sn. The nanocomposite, SnO(V2O3)0.5 showed a first- charge 
capacity of 435(±5) mAhg-1 which stabilized to 380(±5) mAhg-1 with no noticeable 
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fading in the range of 10- 60 cycles when cycled at 60 mAg-1 (0.12 C) in the voltage 
range, 0.005- 0.8 V. Under similar cycling conditions, nano-SnO, the nanocomposites, 
SnO(V2O3)0.25 and SnO(VO)0.5 showed initial reversible capacities between 630 and 390 
(±5) mAhg-1. Between 10-50 cycles, nano-SnO showed a capacity- fade as high as 59% 
in good agreement with literature reports, whereas the above two VOx- containing 
composites showed capacity- fade ranging from 10 to 28 %. Cycling to an upper cut- off 
voltage, 1.0 V gives rise to a slight increase in the reversible capacity in the case of 
nanocomposites, SnO(V2O3)0.25 and SnO(VO)0.5. However, capacity- fading also 
increased in them in comparison to the performance with 0.8 V cut- off.   
Significant findings from the present studies are: 
1. For the first time, we have prepared the Mo- cluster oxide compounds 
Li(Y/Ho)Mo3O8 and A2Mo3O8 (A = Mn, Co, Zn) at a lower temperature by the 
carbothermal reduction method. The FT-IR and Raman studies on the compounds, 
LiYMo3O8 and Mn2Mo3O8 are reported for the first time. The Li- cycling 
performance is dependent on the counter ions like Li, Y, Ho, Mn, Co or Zn in 
these isostructural Mo- cluster compounds (Chapter III). 
2. For the first- time, Li- cycling property of nano-flake CoN films are reported. The 
mechanism involves ‘conversion’ reaction. The observed high capacity at 0.33 C-
rate (990 mAhg-1 at the end of 80th cycle) and excellent rate capability (at 6.6 C- 
rate: 690 mAhg-1 at the end of 50 cycles) show the potential use of nanoflake CoN 
as prospective anode material for LIBs (Chapter IV). 
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3. The nano-size particles (<10 nm) of the compounds perform much better than the 
micron size particles towards Li- cycling as is shown by the results on nano-phase 
tin hollandites, K2(M2Sn6)O16 (M = Co, In) (Chapter V).  
4. The crystal structure and nano-phase along with suitable matrix elements play a 
crucial role in electrochemical performance of compounds undergoing alloying-
de-alloying reaction mechanism as is shown by results on nano-SnO(VOx) 






























































Schematic representation of the operation of LIB. 
 
Structure of a cylindrical LIB. 
 
The spinel structure of LiMn2O4 showing the MnO6 octahedra and the 
Li 8a tetrahedral positions. 
 
Polyhedral representation of the structure of LiFePO4 (space group, 
Pnma) viewed (a) along the b-axis and (b) along the c-axis. The FeO6 
octahedra are shown in blue, the PO4 tetrahedra in yellow, and the Li- 
ions in green. 
 
Crystal structure of hexagonal graphite. 
 
Charge-discharge cycling of MCMB graphite. 
 
Voltage vs. capacity (x Li) of Li4Ti5O12 at a current density 35 mAg-1. 
 
Experimental (solid line) and calculated (dashed line) voltage profile 
for the lithiation of tin. 
 
Voltage- composition profile for various MO/Li cells. The cells were 
cycled at C/5 rate in the voltage range, 0.01-3.0 V. 
 
Crystal structure of Fe3O4. 
 
Capacity vs. cycle number of ZnCo2O4. Filled squares: Discharge; 
open squares: Charge. 
 
Voltage- capacity profiles of the Sn-C/GPE/LiNi0.5Mn1.5O4 Li- ion 
cell at various rates (1C = 0.2 A cm-2 with respect to the cathode 
mass) and at room temperature. 
 
Schematic diagram of X-ray diffraction by crystalline material. 
 
(a) Schematic diagram of cell assembly and (b) photograph of 2016 
type fabricated coin cell. 
 
Vector diagram of the Cell impedance (Z). 
 
(a) Nyquist plot of an electrochemical cell with one semicircle and (b) 


























































































The crystal structure of hexagonal (a) LiYMo3O8 and (b) Mn2Mo3O8. 
Li: black sphere; Y: green sphere; Mn: Pink sphere; Mo: Light blue 
spheres; O: Red spheres. For clarity, all the ions are given the same 
size.   
 
Rietveld refined X-ray diffraction pattern of (a) LiYMo3O8, (b) 
Mn2Mo3O8, (c) Zn2Mo3O8 and (d) Co2Mo3O8. Miller indices (hkl) are 
shown. Symbols represent experimental data and continuous line 
represents the refined data.  The difference pattern and positions of 
reflections (vertical lines) of LiYMo3O8  and A2Mo3O8 and lines due 
to MoO2, Co (impurities) are also shown. 
 
SEM micrographs of (a) LiHoMo3O8, (b) LiYMo3O8, (c) Mn2Mo3O8, 
(d) Zn2Mo3O8 and (e) Co2Mo3O8. Scale bars are shown. 
 
HR- TEM lattice image of (a) LiHoMo3O8, (b) LiYMo3O8, (c) 
Zn2Mo3O8 and (d) Co2Mo3O8. SAED patterns of (e) LiHoMo3O8 and 
(f) Zn2Mo3O8. Miller indices (hkl) and scale bars are shown. 
 
The FT- IR spectra of LiYMo3O8 and Mn2Mo3O8 recorded at room 
temperature. The numbers refer to band positions in cm-1. 
 
Raman spectra at various temperatures (78 – 450 K): (a) LiYMo3O8 
and (b) Mn2Mo3O8. The numbers refer to band positions in cm-1. 
 
(a) Temperature dependent magnetization of Mn2Mo3O8 at 1kOe 
applied magnetic field. The inset shows inverse magnetic 
susceptibility as a function of temperature and Curie- Weiss law fit to 
data. (b) Magnetic field dependent magnetization hysteresis loop at T 
= 20 and 50 K. The arrow shows the loop at 50 K which has minimum 
coerceive field. 
 
Magnetization data on Mn2Mo3O8. (a) Temperature dependent 
coerceive magnetic field (Hc) (left hand scale) and magnetization at 50 
kOe (right hand scale). (b) Temperature dependent zero field cooled 
(ZFC) and field cooled (FC) magnetization under different magnetic 
fields. The inflexion point (arrow) refers to the TC. 
 
Galvanostatic charge-discharge curves. LiYMo3O8 (at 24 0C): (a) 1-20 
cycles; (b) 30-120 cycles.  At 50 oC: (c) LiYMo3O8; 1-60 cycles. The 
numbers indicate cycle number. Voltage range, 0.005-3.0 V vs. Li, at 
a current rate of 30 mAg-1  (0.08C). 
 
Capacity vs. cycle number plots of Li(Y/Ho)Mo3O8 at 24C and 50C 
(0.005-3.0 V; 30 mAg-1). Closed symbol: Discharge capacity; Open 






























































































Galvanostatic charge-discharge curves. LiHoMo3O8 (at 24 0C): (a) 1-
10 cycles; (b) 30-70 cycles. At 50 oC: (c) LiHoMo3O8; 1-40 cycles. 
The numbers indicate cycle number. Voltage range, 0.005-3.0 V vs. 
Li, at a current rate of 30 mAg-1 (0.1C).  
 
Cyclic voltammograms of LiYMo3O8. (a) 1st and 2nd cycle, and (b) 5th 
cycle. Scan rate, 58 Vs-1. Li- metal anode was the counter and 
reference electrode. Numbers represent the potentials in volts. (c) 
Differential capacity (dQ/dV) vs. Voltage plot extracted from the 
galvanostatic capacity- voltage profiles of Fig.III.9a for the 1st cycle.  
(d) Differential capacity vs. Voltage plot extracted from the 
galvanostatic capacity- voltage profiles of Fig.III.9b for the 30th  
cycle.  
 
Cyclic voltammograms of LiHoMo3O8. (a) 1st, 2nd and 10th cycle, and 
(b) 20th and 30th cycle. Scan rate, 58 Vs-1. Li- metal anode was the 
counter and reference electrode. Numbers represent the potentials in 
volts. (c) Differential capacity (dQ/dV) vs. Voltage plot extracted 
from the galvanostatic capacity-voltage profiles of Fig.III.11a for the 
1st, 2nd, 10th cycle.  (d) Differential capacity vs. Voltage plot extracted 
from the galvanostatic capacity- voltage profiles of Fig.III.11b for the 
20th and 30th cycle.  
 
Galvanostatic charge-discharge curves. (a) Mn2Mo3O8; 1-50 cycles,  
(b) Zn2Mo3O8; 1-50 cycles and (c) Co2Mo3O8; 1-40 cycles. The 
numbers indicate cycle number. Voltage range, 0.005-3.0 V vs. Li.  
 
Capacity vs. cycle number plots. (a) Mn2Mo3O8, (b) Zn2Mo3O8: (I) 
Bare electrode; (II) Electrode heat- treated at 300oC for 12 h in Ar- 
atm. and (III) Bare electrode at 180 mAg-1. (c) Co2Mo3O8 : (I) Bare 
electrode and (II) Electrode heat- treated at 300oC for 12 h in Ar- 
atm.Voltage range: 0.005- 3.0 V vs. Li. Closed symbol: Disch. 
capacity; Open symbol: Charge capacity.  
 
Cyclic voltammograms of Mn2Mo3O8. (a) 1st and 2nd cycle, and (b) 
10th, 20th , and 28th  cycle.   Scan rate, 58 Vs-1. Li- metal anode was 
the counter and reference electrode. Numbers represent the potentials 
in volts. (c) Differential capacity (dQ/dV) vs. Voltage plot extracted 
from the galvanostatic capacity-voltage profiles of Fig.III.14a for the 
1st cycle. (d) Differential capacity vs. Voltage plot extracted from the 
galvanostatic capacity- voltage profiles of Fig. III.14a for the 28th 
cycle.  
 
Cyclic voltammograms. (a) Zn2Mo3O8; 1-6 cycles. (b) Co2Mo3O8; 1-































































































XRD patterns of the cycled electrodes: (A) LiYMo3O8 and (B) 
LiHoMo3O8.  Discharge/charge voltages and the cycle number are 
indicated. Miller indices assigned to the peaks are shown. The 
symbols (,) represent the lines due to Cu-metal (substrate of the 
electrode) and Al –metal (sample holder). MoO2 impurity (+) is also 
shown. The y- axis values are normalized for better comparison at 
various voltages. 
 
XRD patterns of the cycled electrodes: (A) Mn2Mo3O8 and 
(B)Co2Mo3O8.  Discharge/charge voltages and the cycle number are 
indicated. Miller indices assigned to the peaks are shown. The 
symbols (,) represent the lines due to Cu-metal (substrate of the 
electrode) and Al –metal (sample holder) and + represents lines due to 
MoO2. The y- axis values are normalized for better comparison at 
various voltages. 
 
(a, b) TEM photograph and HR-TEM lattice image of LiYMo3O8 
cycled electrode in the charged state (3.0V; 1st cycle).  (c, d) TEM 
photograph and HR-TEM lattice image of LiHoMo3O8 cycled 
electrode (charged to 3.0 V after 70 cycles). Scale bars are shown. 
 
Nyquist plots (Z’ vs. -Z”) of LiYMo3O8 at different voltages. (a) 
During the 1st discharge reaction from 2.8 to 0.005 V, (b) 1st charge 
reaction from 0.8 to 3.0 V, (c) 5th discharge reaction from 3.0 to 0.005 
V and (d) 5th charge reaction from 0.3 to 3.0 V vs. Li. Symbols 
represents experimental data and continuous lines represent the fitted 
curve using the equivalent circuit of Fig. III.22 c. Geometric area of 
the electrode is 2 cm2. 
 
(a) Nyquist plots (Z’ vs. -Z”) of LiYMo3O8 in the discharged state 
(0.005 V vs.Li) at various discharge- charge cycles. The numbers 
represent the cycle number. (b) The Nyquist plot at the 20th cycle in an 
expanded scale. Selected frequencies are indicated. (c) The equivalent 
electrical circuit consisting of resistances (Ri), constant phase 
elements (CPEs), Warburg impedance (Ws) and intercalation 
capacitance (Cint). (d) Variation of R(sf+ct) and Rb vs. cycle number of 
LiYMo3O8, obtained by fitting the spectra of (a) with the circuit in (c). 
 
X-ray diffraction pattern of nanoflake CoN grown on surface- 
oxidized Si substrate. The line due to Si substrate is shown. Miller 
indices (h k l) of CoN are shown. 
 
XRD patterns of the bare CoN electrode grown on Cu- substrate and 
those of the electrodes of CoN discharged to 0.5 and 0.005 V, and 
charged to 3.0 V at the end of 1st cycle are shown. Miller indices 






























































































represent the lines due to Cu-metal (electrode substrate) and Al –metal 
(sample holder). The y- axis values are normalized for better 
comparison of the XRD patterns. 
 
Rutherford back scattering (RBS) spectrum of nanoflake CoN grown 
on surface- oxidized Si substrate. The simulated partial spectra due to 
the individual elements are indicated. 
 
(a, b) FE- SEM photgraphs of nanoflake CoN grown on Cu- substrate 
at two different magnifications showing randomly oriented nanoflakes 
of size ≤ 100 nm. (c) HR- TEM lattice image of nanoflake CoN. The 
interplanar (d-) spacings are indicated by arrows. (d) The SAED 
pattern of nanoflake CoN. Miller indices are indicated. Scale bars are 
shown. 
 
Galvanostatic discharge- charge curves of nanoflake CoN: (a) 1-10 
cycles (b) 20- 80 cycles, at 250 mAg-1 (0.33 C) in the range 0.005- 3.0 
V. Only selected cycles are shown for clarity. Numbers indicate cycle 
number. (c) Capacity vs. cycle number (up to 80 cycles) plots of 
nanoflake CoN, at C- rates of 0.33, 0.59 and 6.6 C.  (d) Discharge- 
charge profiles of nanoflake CoN up to 20 cycles at 450 mAg-1 (0.59 
C) in the voltage range 0.005- 2.0 V. The numbers indicate cycle 
number. 
 
Cyclic voltammograms of nanoflake CoN: (a) 1st cycle and (b) 2- 20 
cycles. Only selected cycles are shown for clarity. Scan rate is 58 
Vs-1. Li- metal anode is the counter and reference electrode. 
Numbers represent the potentials in Volts. (c) Differential capacity 
(dQ/dV) vs. Voltage plot for the first- cycle extracted from the 
galvanostatic capacity- voltage profiles of Fig.IV.5a. (d) Differential 
capacity (dQ/dV) vs. Voltage plot for the 20th -cycle extracted from 
the galvanostatic capacity- voltage profiles of Fig.IV.5b.
 
(a) HR- TEM lattice image and (b) SAED pattern of cycled nanoflake 
CoN in the charged state (3.0 V) after 80 cycles in the range, 0.005- 
3.0 V vs. Li. Scale bars are shown.  
 
The structure of K2(M,Sn)8O16 hollandite projected along the c- axis. 
 
Powder X-ray diffraction (XRD) patterns of (a) K2(In2Sn6)O16 (K-In) 
and K2(Co2Sn6)O16 (K-Co). Miller indices are indicated. (b) Ex-situ 
XRD patterns of (K-Co) at 1.0, 0.5 and 0.005 V. Lines due to Cu-
metal (substrate) and Al-metal (sample holder) are indicated. Cu Kα- 
radiation. SEM micrograph of (c) K2(Co2Sn6)O16 (K-Co) and (d) 































































































Galvanostatic capacity- voltage profiles of (a, b) K2(In2Sn6)O16 (K-In) 
and (c, d) K2(Co2Sn6)O16 (K-Co). Current density, 60 mAg-1; voltage 
range, 0.005-0.8V vs. Li at room temperature. The numbers refer to 
cycle numbers. 
 
Capacity vs. cycle number plot at a current density 60 mAg-1 in the 
voltage window 0.005- 0.8 V. Filled symbols: discharge capacity; 
open symbols: charge capacity. 
 
Cyclic voltammograms of (a) K2(In2Sn6)O16 (K-In) and (b) 
K2(Co2Sn6)O16(K-Co) at the scan rate of 58 Vs-1 and voltage range 
of  0.005-0.8V vs. Li at  room temperature. The integer numbers 
indicate cycle numbers. The differential capacity vs. voltage plots of 
(c) (K-In) and (d) (K-Co) extracted from the galvanostatic data of the 
1st cycle from Fig. V.3 a, c. 
 
Powder X-ray diffraction patterns. (a) Nano- (K-Co); (b) nano- (K-In). 
Miller indices (hkl) are shown. 
 
Nano- (K-Co): (a) TEM photograph showing agglomerated nano-size 
particles. (b) HR-TEM lattice image. (c) HR-TEM lattice image at 
higher magnification. (d) Selected area electron diffraction (SAED) 
pattern. Scale bars are shown. 
 
Galvanostatic discharge-charge profiles. Nano- (K-Co): (a) 1st cycle 
and (b) 2-80 cycles. Nano- (K-In): (c) 1st cycle and (d) 2- 60 cycles. 
The numbers indicate cycle number. Voltage range, 0.005- 0.8 V vs. 
Li, at a current density of 60 mAg-1 (0.12 C).  
 
Capacity vs. cycle number plots. (a, b) Nano- (K-Co) in different 
voltage ranges. (c) At various current (C) rates of nano- (K-Co). (d) 
Nano- (K-In). Voltage range, 0.005-0.8 V vs. Li, at current density of 
60 mAg-1 (0.12 C) assuming 1 C = 500 mAg-1. Filled symbols: 
Discharge capacity; Open symbols: Charge capacity. 
 
Cyclic voltammograms. (a) Nano- (K-Co) and (b) Nano- (K-In). Scan 
rate, 58 Vs-1. Li- metal anode was the counter and reference 
electrode. Numbers represent the potentials in Volts. Integer numbers 
represent cycle numbers.  
 
Ex-situ XRD patterns of nano- (K-Co). (a) During first- discharge at 
0.5 V; (b) during first- discharge at 0.005 V, and (c) during first- 
charge at 0.8 V vs. Li. Substrate (Cu) lines are indicated. 
 
Ex-situ TEM pattern of nano- (K-Co) at the 15th charge cycle at 0.8 V: 
































































































Impedance spectra (Nyquist plots: Z’ vs. –Z”) for the cell with nano- 
(K-Co) as cathode vs. Li- metal at different voltages. (a) During the 
first-discharge. (b) During the first-charge. (c) During the 11th 
discharge. Stabilized cell voltages, after 3-h stand, are shown. 
Selected frequencies are shown. (d) Equivalent circuit used for fitting 
the impedance spectra. Different resistances, Ri and/or Ri ║ CPEi 
components, Warburg element (Ws) and intercalation capacitance (Ci) 
are shown. 
 
Selected impedance spectra of nano- (K-Co) redrawn from Fig. V.13 
a, b in an expanded scale, for the determination of the limiting 
frequency (fL). First- discharge: (a) At 0.3 V and (b) at 0.005 V. First- 
charge: (c) At 0.03 V and (d) at 0.25 V. The fL values and selected 
frequencies are shown. 
 
Powder X-ray diffraction patterns. (a) SnO (commercial), and (b) 
nano-SnO (after high energy ball milling). Miller indices (h k l) are 
shown.  
 
Powder X-ray diffraction patterns. (a) Nano-SnO(V2O3)0.25, and (b) 
nano-SnO(VO)0.5. Miller indices (h k l) are shown. 
 
(a) SEM photograph of nano-SnO(VO)0.5. (b) HR- TEM photograph 
of nano-SnO(V2O3)0.25. Scale bars are shown. 
 
Galvanostatic discharge-charge profiles of nano-SnO: (a) 1st cycle; (b) 
2- 50 cycles. The numbers indicate cycle number. Voltage range, 
0.005- 0.8 V vs. Li, at a current density of 60 mAg-1 (0.12 C). 
 
Capacity vs. cycle number plots. (a) Nano-SnO; (b) Nano-
SnO(V2O3)0.25 at 0.12 C and 0.5 C (1 C = 500 mAg-1); (c) Nano-
SnO(V2O3)0.5 and (d) Nano-SnO(VO)0.5. Voltage range, 0.005-0.8 V 
vs. Li, at current density of 60 mAg-1 (0.12 C). Filled symbols: 
Discharge capacity; Open symbols: Charge capacity. 
 
Galvanostatic discharge-charge profiles. Nano-SnO(V2O3)0.25: (a) 1st 
cycle and (b) 2- 50 cycles. Nano-SnO(VO)0.5: (c) 1st cycle and (d) 2- 
50 cycles. Nano-SnO(V2O3)0.5: (e) 1st cycle and (f) 2- 60 cycles. The 
numbers indicate cycle number. Voltage range, 0.005- 0.8 V vs. Li, at 
a current density of 60 mAg-1 (0.12 C). 
 
Galvanostatic discharge-charge profiles. Nano-SnO(V2O3)0.25: (a) 1st 
cycle and (b) 2- 40 cycles. Nano-SnO(VO)0.5: (c) 1st cycle and (d) 2- 

























































1.0 V vs. Li, at a current density of 60 mAg-1 (0.12 C).   
 
Cyclic voltammograms of (a) Nano-SnO(V2O3)0.5, 1-40 cycles, (b) 
Nano-SnO(VO)0.5, 1- 6 cycles and (c) Nano-SnO, 1-6 cycles. Scan 
rate, 58 V s-1. Li-metal anode was the counter and reference 
electrode. Numbers represent the potentials in volts. Integer numbers 
represent cycle numbers.  
 
Ex-situ XRD patterns of nano-SnO(V2O3)0.25. (a) Bare electrode 
(Miller indices are indicated); (b) During first- discharge at 0.5 V; (c) 
During first- discharge at 0.05 V, and (d) During first- charge at 0.8 V 





































Li- alloying elements. Alloying composition, x in LixM, voltage 
range vs. Li- metal and theor. capacity based on the atomic weight 
of M are given. 
 
Selected LIB systems for PHEV. State of charge (SOC) and area 
specific impedance (ASI) are given. 
 
Physical properties of EC and DMC. 
 
Crystal lattice parameters, space groups and reported values with 
JCPDS card no. for LiYMo3O8, LiHoMo3O8 and A2Mo3O8. 
 
Impedance parameters of the LiYMo3O8 during the 1st and 5th 
discharge-charge cycles at various voltages. 
 
Impedance parameters obtained by fitting the impedance spectra 
of the nano-(K-Co) (vs. Li) to the equivalent circuit elements 
during the first- cycle and 11th discharge. The apparent diffusion 
coefficients (DLi+) are calculated using Eqn. V.4. 
 
Theoretical and observed capacities (corresponding number of 
moles of Li per formula unit) of nano-SnO and nano-SnO(VOx) 
composites. Voltage range, 0.005-0.8 V vs. Li at a current density 
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 A brief account of the primary and secondary batteries, principles of operation, 
world market and present and future trends of lithium ion batteries (LIBs) are presented. 
This is followed by a comprehensive literature survey on cathode, anode and electrolyte 
materials for LIBs. Motivation for the present studies on the anode materials for LIB are 
mentioned.  
I.1. Definition of Battery 
A battery is a device, which converts the chemical energy stored within its active 
material to electrical energy during operation. This may be series and/or parallel 
combination of cells. The maximum electrical energy that can be delivered is a function 
of the active materials forming the electrodes. The amount of electrical energy per unit 
weight (Wh/kg) or per unit volume (W h/ l) depends on the nature, amount and chemistry 
of the electrodes constituting the cell. The battery consists of three major components: 
positive electrode (cathode), electrolyte which behaves as the conducting medium for the 
ions, and negative electrode (anode). The electrochemical processes that occur at both the 
electrodes generate movement of electrons through the external circuit. Depending on the 
principle of operation, batteries are classified as primary (disposable) and secondary (re-
chargeable) batteries [1-5]. 
I.1.1. Primary (Disposable) batteries  
Primary batteries (disposable) can produce electric energy during discharge via an 
irreversible electrochemical reaction. These are intended to be used once and discarded, 
since the chemical reactions are irreversible and the active materials may not return to 
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their original forms. These are most commonly used in portable devices that have low 
current drain. They represent 80% of the total number of batteries sold in market because 
of less maintenance, availability in large number, light weight, good shelf- life, high 
safety level, reasonably high energy density at low discharge conditions and low cost 
[1,2,4,6]. Different shapes and sizes of primary batteries are manufactured depending on 
their applications. The primary batteries, like zinc-MnO2 (1.5 V) and Li-MnO2 (3.0 V) 
are mostly available in the market [1, 4, 6].  
I.1.2. Secondary (Rechargeable) battery 
The rechargeable batteries, commonly known as storage batteries can be 
recharged to generate the active materials after discharging, by passing an external 
current in opposite direction of the flow of electrons. They are the ultimate eco-friendly 
product as they place no strain on the earth’s limited resources and can be used 
repeatedly, thus reducing waste. They show high power density, high discharge rates, flat 
discharge curves and excellent low temperature performances [1, 2, 4, 6]. But they suffer 
from low energy density and charge retention as compared to primary batteries. The 
common examples are: Ni- Cd, Lead Acid, Ni-MH and lithium- ion batteries (LIBs). Li- 
polymer rechargeable batteries are considered as prominent ones for the next generation 
because of their design flexibility [1-4, 6].  
I.2. Development of Li-ion batteries 
The increasing demand of Li-ion batteries (LIBs) for the portable electronic devices 
as secondary power sources is encouraging the scientific community to continue the 
research and development. The idea of using battery technology based on Li- metal as 
negative electrode material depends upon its advantages over other materials. The Li 
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metal is light weight (atomic weight = 6.94 g mol-1; specific gravity = 0.53 g cm-3) as 
well as highly electropositive (-3.04 V vs. standard hydrogen electrode) and can deliver 
large specific capacity, 3860 mAhg-1, compared to other metals [1, 2, 6, 7-10]. However, 
the commercialization of rechargeable batteries based on Li-metal as anode is hindered 
due to various disadvantages associated with it during charge- discharge cycling. The 
extraction and deposition of Li during the electrochemical cycling causes roughness of 
the electrode and dendrite formation. During long term cycling, continuous deposition of 
Li causes more growth of dendrite, which can perforate the separator and can reach the 
cathode causing internal short circuit and battery failure [1, 2, 7, 9, 10].  
In 1980s, Lazzari and Scrosati [11] and Murphy et al. [12] proposed to replace the 
Li-metal by a Li-insertion (intercalation) material. To compensate the increase in 
potential of negative electrode, a high- potential intercalation material was suggested as 
cathode, such that Li-ions can transfer between two electrodes. The group of 
Goodenough [1, 3] studied LiCoO2 and suggested that it can be used as a 4 V- cathode. In 
1990 Sony Co., Japan, introduced the first commercial LIB, where they employed 
specialty graphite (graphitized carbon), and later by using mesocarbon microbeads 
(MCMB) of graphite as negative and LiCoO2 as positive electrode materials, respectively. 
In 2005, Sony introduced the 2nd generation LIB, where Sn-Co-C composite is used as 
negative electrode material. The development of LIBs and various aspects of electrode 
materials have been discussed in detail in various books and reviews [1-10]. 
I.3. Principle of operation of LIBs 
The LIB operates on the principle of Li+ insertion/de-insertion to the electrodes via 
an electronically insulating and ionically conducting medium called ‘electrolyte’. This is 
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accompanied by a redox (reduction/oxidation) reaction of the host matrix with flow of 
electrons through external circuit, as shown in Fig. I.1. In the commercial LIB, Li-
containing layer compound (LiCoO2) is employed as cathode material whereas graphitic 
carbon (MCMB) is the anode material. A non-aqueous solution of 1 M LiPF6 dissolved in 
ethylene carbonate (EC) + diethyl carbonate/dimethyl carbonate (DEC/DMC) (1:1 by 
volume) is used as the electrolyte, which is ionically conducting, but electronically 
insulating.  
During charging of an LIB, Li-ions are extracted from cathode and inserted to anode. 
This process is reversed during discharging (i.e., operating the LIB under load). Due to 
the reversible Li-ion insertion/de-insertion through the electrolyte, the LIBs are also 
known as rocking chair, swing or shuttle-cock batteries. The reactions in LIB are: 
During charge                                                           
At cathode: LiCoO2 → Li1-xCoO2 + x Li+ + x e-;  (e- = electron)    (E0 = 0.6 V)      --- (I.1a) 
At anode: C + x Li+  + x e- → LixC                                                (E0 = 3.0 V)       --- (I.1b) 
During discharge 
At cathode: Li1-xCoO2 + x Li+ + x e- → LiCoO2                                                       --- (I.1c) 
At anode: LixC → x e- + x Li+ + C                                                                            --- (I.1d) 
The overall reaction is  
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(i) To maximize the cell potential, the transition metal ion present in the cathode 
should possess high redox potential. (LiCoO2: Co3+/4+ = 4.0 V vs. Li). An 
ideal anode must have a low redox potential (graphite: 0.1-0.2 V vs. Li). 
(ii) The cathode should be a good host for intercalation/de-intercalation of Li-ion, 
so that the parent structure is retained on cycling. Thus, two- dimensional (2 D) 
layered or 3 D- channel type structure are favored (LiCoO2 and graphite have 
2D-structures). 
(iii) The electrode materials must not be soluble in the solvents of the electrolyte. 
(iv) The compound should possess both high gravimetric and high volumetric 
energy density so that the active material mass can be reduced in the LIB. 
Thus, low atomic weight elements in the electrodes are preferred (Co = 60; C 
= 12). 
(v) The electrode material should have high electronic and ionic conductivity for 
good current pick- up and for Li-ion mobility. 
(vi) Electrodes should show thermal stability in the charged- and discharged- state. 
This will ensure the safety -in-operation of the LIB. 
(vii) The intercalation and de-intercalation potential of the cathode should not be 
higher than the decomposition potential of electrolyte, so that oxidation of the 
solvent in the electrolyte can be avoided. Similarly, the opposite holds for 
anode (low intercalation potential and reduction of the solvent). 
(viii) The synthesis procedure for the electrode material should be easy and cost 
effective for manufacture of kg- quantities. 
(ix) Finally, the electrode materials should be environmentally benign. 
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In addition to the above criterion, electrolyte also plays an important role in the 
performance of LIBs. The high Li- ionic conductivity and stability at high operating 
voltages are the essential features of electrolyte. The cell design to dissipate the heat and 
maximize the available space in the gadget are also to be considered. This is especially 
the case for use of LIBs in EV/HEV. 
The presently used cathode, LiCoO2 and the specialty anode, mesocarbon 
microbeads (MCMB) graphite satisfy many of the characteristics of the ideal electrode 
materials. However, there are shortcomings:   
(i) LiCoO2 contains Co, which is toxic and expensive in comparison to Mn, Fe or 
Ni. Also, only half of the theoretical capacity is being used during charge- 
discharge cycling of the LIBs. This is due to the instability of Li1-xCoO2 (x < 
0.5).  
(ii) The electrolyte (LiPF6 dissolved in EC + DEC) has a low ionization potential 
and can not be used for voltages > 5 V vs. Li. This hinders the possibility of 
using 5 V- cathodes in LIBs. 
(iii) The theoretical capacity of the presently used graphite anode is 372 mAhg-1, 
whereas practically obtainable value is ~310 mAhg-1.  The charged anode is a 
strong reducing agent and can decompose the solvent of the electrolyte. Hence, 
there is a need to develop alternative anodes which can deliver higher 
capacities and ensure safety-in-operation. 
(iv) Similarly, there is a need to search for cheaper and less-toxic oxide cathode 
materials to replace the LiCoO2. 
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I.6. Prospective second generation cathode materials for LIBs 
 As a result of extensive researches during the past twenty years, a good number of 
second- generation oxide cathode materials have been discovered and perfected and this 
includes improvements on the LiCoO2. These developments have been reported in books 
[1, 3, 5] and in several review articles [7-10, 15-21]. A brief account is given here. 
I.6.1. Modified LiCoO2 
The layer- structured LiCoO2, can be prepared by solid state reaction at 800 oC of 
the constituent oxides (Li2O and Co3O4) or hydroxides, carbonates or other precursors in 
air. It is black in color. As mentioned earlier, LiCoO2 can deliver a specific theoretical 
capacity of 274 mAhg-1 corresponding to insertion/de-insertion of x =1 in Li1-xCoO2. But, 
practically only ~0.5 moles of Li can be reversibly cycled in voltage range of 2.7 – 4.2 V, 
which corresponds to a reversible capacity of 120-140 mAhg-1 [1- 3]. The Co3+ oxidizes 
to Co4+ and vacancies are formed when Li-ions are extracted from the layered LiCoO2. 
For x > 0.5, Co4+ causes oxidative decomposition of the non-aqueous solvent in 
electrolyte, which leads to evolution of gases and deterioration of the performance of LIB. 
Also, the phase transformations associated during the cycling are: Hexagonal (H1) - 
Monoclinic (M) - Hexagonal (H2) – Hexagonal (H1-3) – Hexagonal (O1) for x ≥ 0.5 in 
Li1-xCoO2 and causes large changes in the unit cell volume, except for H1↔M which is 
smaller. These volume variations during cycling cause deterioration of the composite 
cathode and thereby, causing capacity fading. 
The capacity- fading and structural instability of LiCoO2 have been addressed by 
doping of certain metals (both electrochemically- active and -inactive) at the Co- site 
such as Cr, Mg, Al, Ti and excess lithium at the Li-site. These dopants suppress the 
  10
H1↔M transition and enable cycling to V > 4.2 V and yielded higher capacities. Studies 
have also shown that surface coating on LiCoO2 by oxides such as FePO4, TiO2, Al2O3, 
ZrO2, SiO2, AlPO4  is a promising way to suppress the structural instability and capacity 
loss when cycled to > 4.2 V. The coated oxide or compound forms a thin layer which 
suppress the phase transformation and also it prevents the electrolyte decomposition by 
forming a physical barrier between the surface of the particles (LiCoO2) and electrolyte. 
In favorable cases, stable capacities of 170-180 mAhg-1 were obtained when cycled up to 
4.5 V vs. Li.  
I.6.2. Layered LiNiO2  
 Another well known member of layered compounds, namely LiNiO2 which is iso-
structural to LiCoO2 has been explored as prospective cathode material because of less 
toxicity, lower cost in comparison to Co, and it can deliver capacities larger than160 
mAhg-1. The Ni3+/4+ redox couple is 3.8 V vs. Li, slightly smaller than that of LiCoO2. 
However, there are many problems with this oxide cathode. Preparation of 
stoichiometric composition, LiNiO2 can only be done in a flowing O2- atmosphere, and 
inter- site mixing (cation- mixing) occurs where some Ni2+- ions occupy the Li- layer and 
vice versa. Slight Li- deficiency and stability of Ni2+ ions in the structure are the main 
reason for the deviation caused from the ideal composition. Similar to LiCoO2, LiNiO2 
also undergoes reversible structural transformation, H1 ↔ M ↔ H2 ↔ H3 and these 
cause unit cell volume variations during cycling. The above factors cause extensive of 
capacity- fading in LiNiO2 [1, 3, 16, 18, 21].   
In order to improve the performance of LiNiO2, partial replacement of nickel by 
transition elements, like Co, Mn, Fe and non-transition elements, like as Al, Mg have 
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been carried out and the Li- cycling has been thoroughly studied. The solid solution, 
LiNi1-xCoxO2 was found to be the best among all the dopants studied. Particularly, the 
composition with both Co and Al at the Ni- site, namely Li(Ni0.85Co0.1Al0.05)O2 showed 
good stability and cyclability for long- term cycling and has been commercialized [16, 
18].  
I.6.3. Layered LiMnO2, Li(Ni1/2Mn1/2)O2 and Li(Ni1/3Mn1/3 Co1/3)O2 
 The layered compound, LiMnO2 can be a potential cathode material for LIBs, 
because of its low cost, low toxicity and high theoretical capacity (277 mAhg-1) [1, 3, 15, 
16, 18]. It crystallizes in two different polymorphs namely, orthorhombic (zigzag layered 
structure; space group, Pmmn) and monoclinic (layered structure; space group, C2/m) [1, 
3]. However, the cathodic performance of LiMnO2 is not satisfactory and capacity- 
fading occurs on cycling. The layered LiMnO2 can only be prepared by the ionic 
exchange of Na- analogue and converts to a spinel- like structure during the charge/ 
discharge cycling. According to the structural relation between layered and spinel 
symmetries, it is believed that such a phase transition occurs by the migration of Mn-ions 
from their octahedral sites to the interlayer Li vacancies and the Li-ion occupies the 
tetrahedral site (Li0.5MnO2 ≡ LiMn2O4) [1, 3, 16, 18].  
 To address the problem associated with LiMnO2, attempts were made to stabilize 
the layer structure by partial substitution of Mn by more electron- rich elements like Co 
and Ni. The compositions, Li(Ni0.5Mn0.5)O2 and Li(Co0.33Ni0.33Mn0.33)O2 were first 
prepared and studied in 2001 [18, 21] and showed a high capacity and very good rate 
capability. In both cases, a high capacity of ~160 mAhg-1 is noticed with good 
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extracted at about 4 V (4.05 V and 4.15 V vs. Li) from the tetrahedral sites of LiMn2O4, 
leading to the de-lithiated -MnO2. But practically, it is not possible to extract all the Li+ 
and hence only -LixMnO2(x ≤ 0.1-0.2) is obtained. Studies have shown that LiMn2O4 
shows severe capacity- fading, especially when cycled at 55oC. The capacity- fading is 
due to several factors: (i) Lattice distortion due to Jahn- Teller effect because of large 
concentration of Mn3+ ion during high C-rate insertion of Li at the particle surface. (ii) 
The dissolution of Mn2+ ion in the solvents of the electrolyte due to disproportionation of 
Mn3+ (2 Mn3+ → Mn4+ + Mn2+) thereby reducing the concentrations of Mn3+ in the lattice. 
(iii) Instability of cubic structure for x ≤0.2 in LixMn2O4 during the extraction of Li from 
the lattice [1, 3, 16, 21, 22].  
 Tremendous efforts are put to improve the Li- cycling behavior of LiMn2O4 by 
several ways: (i) the partial substitution of Mn- ion by different metal ions such as M = Li, 
Co, Ni, Cr, Fe, Ru, Al and mixed Co-Al. This leads to some improved electrochemical 
behavior at the cost of the obtainable capacity. (ii) Surface- coating by oxides and mixed-
oxides, such as nano-SiO2, MgO, ZnO, ZrO2, Al2O3, and AlPO4. These coatings help in 
reducing the Mn dissolution during cycling by avoiding direct contact of LiMn2O4 
particles with the electrolyte. The surface- coated pure and doped LiMn2O4 have shown a 
better electrochemical performance at room and elevated temperature. (iii) The synthesis 
procedure to obtain nano-size particles and meso- and micro- porous LiMn2O4 has also 
played a vital role in improving the electrochemical performance [1, 17, 21].  
A suitably doped and surface modified LiMn2O4 is now considered as a 
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LiFePO4 ↔ □ FePO4 + Li+ + e-          (□ = Vacancy; e- = electron)                          --- (I.5)                         
During charging, the vacancies are created when Li+ ions are extracted from the crystal 
structure. The structural similarity between the two phases during charging/discharging 
leads to a good capacity retention. Padhi et al [23] first reported the electrochemical 
behavior of LiFePO4 in 1997, who showed that ~0.6 Li can be reversibly extracted/ 
inserted from/to the crystal structure at a voltage of ~3.5 V vs. Li. Since then, many 
attempts were made to improve the electrochemical properties of LiFePO4.  
 There are problems associated with LiFePO4: (i) low electronic conductivity (1 × 
10-7 S cm-1), (ii) slow Li- kinetics due to two- phase reaction and (iii) poor C- rate 
capability. Many attempts were made to improve the electronic conductivity of LiFePO4. 
The various approaches are: (i) Doping foreign metal atoms such as Nb, Al. Ti, Mg, Zr, 
W at the Li- or Fe- site, (ii) carbon- coating or co-synthesizing the compound with carbon  
and (iii) reducing the particle size. The other olivine structures studied are LiMPO4 (M = 
Co, Mn, Ni) [19, 20, 21]. But, none of then showed superior electrochemical performance 
compared to LiFePO4 and the redox potentials for M = Mn is ~ 4 V and for M = Co is ~ 
4.7 V. The carbon- coated LiFePO4 is a second- generation cathode material for LIBs due 
to its low cost, stable cycling behavior and eco- friendliness. The LIBs with LiFePO4 
cathode have been fabricated and tested. 
I.6.6. LiVPO4F and Li3V2(PO4)3 
 The triclinic LiVPO4F was prepared and studied as prospective 4 V cathode 
material by Barker et al. [24] as an alternative to LiCoO2. The interesting features of 
LiVPO4F made its way to be commercialized and tested along with mesoporous 
microbeads (MCMB) graphite as counter electrode, which showed stable cycling 
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performance for long term cycling. The theoretical capacity of LiVPO4F is 156 mAhg-1 
based on the two phase reaction (i.e. LiVPO4F ↔ □(VPO4F) similar to that of LiFePO4. 
The average operating potential corresponding to the redox couple V3+/4+ during 
discharge/charge cycling was reported as ~ 4.2 V, which is higher than that of LiCoO2 
and LiFePO4. The better thermal stability of charged- cathode compared to LiCoO2 added 
to its potential application as prospective cathode [20]. Recently, Reddy et al. [25] 
reported a stable capacity of ~120 mAhg-1 at 0.92 C-rate in the voltage window of 2.5 – 
4.3 V up to at least 800 cycles. The inherent poor electronic conductivity of LiVPO4F is a 
disadvantage and carbon- coating of the particles was found to be effective in improving 
the cycling performance.  
 The lithium vanadium phosphate, Li3V2(PO4)3 is another member of the 
phosphate family, first introduced by the group of Nazar [20] as a 4V- cathode. Its 
structure is related, but not identical to the Nasicon (Sodium super ion conductor), 
Na3Zr2Si2PO12. On the other hand, Na3V2P3O12 has the Nasicon structure, with 3D- 
channels occupied by the Na- ions. The theoretical capacity depends on the amount of Li-
ions that can be removed from the crystal structure during charging and corresponds to 
192 mAhg-1 upon complete removal of Li-ions at 4.6 - 4.8 V vs. Li. The Li- intercalation/ 
de-intercalation involved the two- phase reactions at different potentials are: 
Li3V3+2(PO4)3 ↔ Li2(V3+,V4+)(PO4)3 at ~3.6 V and Li2(V3+,V4+)(PO4)3 ↔ 
Li(V4+,V4+)(PO4)3 at ~ 4.1 V and finally Li(V4+, V4+)(PO4)3  ↔ □(V4+,V5+)(PO4)3 at ~ 4.6 




I. 6.7. Heavily- doped LiMn2O4 as 5- V cathodes 
The increasing demand of LIBs for high energy applications such as electric 
vehicle/hybrid-electric vehicle (EV/HEV) motivated the search for high energy density 
electrode materials. Hence, the electrodes with an operating voltage > 4.0 V are of great 
interest. Several cathodes based on heavily doped spinnel, Li(M,Mn)O4 with M = Co, Ni, 
Cr and Fe were studied as 5 V cathodes [1, 3, 5, 26]. These compounds showed voltage 
plateaus during charging at ~4.7 to 5.0 V, which correspond to the redox couple of M3+/4+ 
or M2+/3+ [1].  
West et al. [26] found that the Co-doped spinels, such as Li(Co0.4Mn1.6)O4 and 
LiCoMnO4 performed well as ~5 V cathodes ascribed to the redox potential Co3+/4+. 
However, a voltage plateau at ~4.0 V indicated the presence of Mn3+/Mn4+. The 
reversible capacity of these compounds was found to be 135 and 105 mAhg-1, 
respectively. Sigala et al. [27] reported that much of the reduced capacity of Cr- doped 
LiMn2O4 appears in 4.9 V plateau and the size of the plateau increases with Cr content. It 
was found that Ni-doped composition, Li(Ni1/2Mn3/2)O4 is the most promising and 
attractive cathode material because of its excellent cycling performance and relatively 
high capacity with one dominant plateau at 4.7 V[21, 28]. The theoretical capacity of 
Li(Ni1/2Mn3/2)O4 is 147 mAhg-1. 
The main drawbacks associated with Li(Ni1/2Mn3/2)O4 are: (i) the redox couple 
(Ni3+/Ni4+) is at the potential of decomposition of the conventional battery electrolyte, (ii) 
difficulties in preparation due to formation of LiNi1-xO as second phase, which 
deteriorates the electrochemical cycling. So, many attempts were made in terms of, (i) 
cationic substitution, (ii) surface modifications and (iii) synthesis method to overcome 
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these difficulties. The cation- substituted spinel, Li(Ni1/2-yMn3/2-zMy+z)O4 (M = Co, Fe, Cr) 
showed better electrochemical performance and rate capability in the 5 V region 
compared to the Li(Ni1/2Mn3/2)O4. Coating of nanosized Al2O3, ZnO, AlPO4 on to 
Li(Ni1/2Mn3/2)O4 enhanced the Li- cycling. Recently, Liu at al. [29] reported that the sol-
gel prepared Li(Cr0.1Ni0.4Mn1.5)O4 showed discharge capacities of 141, 125, 95 mAhg-1 at 
0.5, 1 and 5 C- rate in the voltage range of 3.5 – 5.0 V. 
I. 6.8. Theoretical studies on cathode materials 
In the last decade, the research on cathodes for LIBs has been focused on lithium 
transition metal oxides (LiMO2; M = Co, Ni, Mn and LiMn2O4) and lithium transition 
metal phosphates (LiMPO4; M = Fe, Co, Ni). There are many reports on the theoretical 
studies of cathodes employing the well- known computational techniques such as first- 
principles and ab intio calculation. The first- principle is the computational approach to 
predict the properties of materials based on the knowledge of their constituent atoms/ 
ions and basic laws of physics and chemistry [30]. It can be used to calculate important 
properties for comparison with experimental data. The properties of interest are: (i) the 
open circuit voltage (OCV), (ii) the energy density, (iii) crystal structure, (iv) phase 
stability, (v) electronic band structure and (vi) average intercalation voltages (Vave) [1, 30, 
31].  
 The Vave of various Li- intercalated cathodes are determined by using the basic 
thermodynamics along with the theoretical computational tool called first- principle plane 
wave pseudo potential method. The  Vave is given as 
                                  Vave = -ΔG/F                                                                          --- (I.6) 
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where ΔG is the change in Gibbs free energy for the intercalation reaction, F is the 
Faraday constant. Assuming that the effects of the changes in volume and entropy 
associated with the intercalation on the Gibbs free energy are negligibly small, ΔG can be 
approximated by the internal energy term, ΔE and the Vave can be expressed as  
                                  Vave = -ΔE/F                                                                            --- (I.7) 
For the electrochemical reaction, 
                    LiMO2 → Li1-xMO2 + x Li+ + x e- (M = Co, Ni, Mn)                         --- (I.8)   
The ΔE is related to the total energy: 
                     ΔE = Etotal [LiMO2] -  Etotal [Li1-xMO2] - Etotal [Li]                   --- (I.9)     
The effect of structure, metal cations and anions on the Vave of LiMO2 was studied by the 
group of Ceder et al. [30] and the group of Yamaki [31]. For example, the theoretically 
calculated average intercalation voltage of LiCoO2, LiNiO2, LiFePO4 and LiCoPO4 are 
3.97 V, 3.14 V, 3.5 V and 4.9 V, respectively. These values compare favorably with the 
experimental data. 
 Also, the first- principle method is very useful to calculate the metal reduction 
potentials of layered LixMO2 (M = Co, Ni, Mn) to investigate the possibility of metal 
reduction during charging. Thus, with the help of theoretical calculations and computer 
simulation, new cathodes can be predicted for LIBs. 
I.7. Prospective Anode materials for LIBs 
 Increasing demand for high energy density LIBs has motivated the search for new 
negative electrode materials with high gravimetric and volumetric capacity and good 
cyclability. As mentioned earlier, the first generation of LIBs employed specialty 
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Carbon nanotubes (CNTs) have been studied as anode materials and also as 
conductive additives [1, 3, 5, 32]. In the literature, various groups studied both single 
walled CNTs (SWCNTs) and multi walled CNTs (MWCNTs) for their Li- cycling 
properties. It was found that morphology, structure and synthesis procedure played an 
important role in the electrochemical performance [32, 33]. The reversible capacities in 
case of CNTs result from the diffusion of Li-ion to the ‘stable sites’ located on the 
surface or inside of the CNTs through the end cap/ side wall. Maurine et al [34] and Shin 
et al [35] studied the Li- cycling of MWCNTs and reported a reversible capacity of 180 
and 250 mAhg-1, respectively. Gao et al. [36] reported a capacity of 460 mAhg-1 for 
bamboo like CNTs. Both raw and purified SWCNTs showed a capacity of 450-600 
mAhg-1 (Li1.2C6 to Li1.6C6). However, due to certain disadvantages, such as high cost, 
sophisticated synthesis procedure and low yield to prepare the SWCNTs and MWCNTs 
in gram scale and large irreversible capacity loss (ICL) in the first- cycle restrict their 
applicability as anodes for LIBs. 
 Recently, graphene has been studied as the anode material for LIBs [37, 38]. It 
was found to show a capacity of 540 mAhg-1. This value could be increased to 730 and 
784 mAhg-1 by controlling the interlayer distance of graphene layers by introducing 
interacting molecules such as CNTs and fullerenes (C60) [37]. The higher obtainable 
capacity as compared to graphite is ascribed to increase in interlayer spacing. Also, the 
various defects and large surface area are other key factors which are claimed to be 
responsible for higher capacity values in the case of graphene nanosheets [37, 38].  
Fullerene can intercalate 3 Li per formula unit and since the theoretical capacity is fairly 
small (112 mAhg-1), it is not of much interest as an anode for LIBs. 
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 The disordered carbon has a planar network structure with short range 
crystallographic ordering. The crystalline and amorphous regions are connected by cross- 
linked network. The disordered carbon is broadly classified as graphitizable (soft carbon) 
and non- graphitizable (hard carbon). The crystallites in soft carbon are weakly linked 
and almost oriented in same direction (c- axis direction) and thus, can be easily 
‘graphitized’ during heat treatment at temperature (T) above 24000 C. The hard carbon 
does not show any tendency towards graphitization even at T > 30000 C due to disordered 
crystallite orientations [1, 3, 5, 32].  
Hard- carbon and soft carbon were found to deliver higher capacity compared to 
graphite due to additional sites for Li- storage. Values in the range of 500-1000 mAhg-1 
were reported [32]. The ‘additional sites’ are attributed to cavities and nanopores, 
interfacial/ surface storage and effect of hetero-atoms [32]. Sony Co. in early 1990s 
commercialized LIBs with hard- carbon anode but later discontinued due to large 
hysteresis during cycling and safety considerations. The specialty graphite (MCMB), 
prepared by patented processes by companies has been the favored anode in all the 
commercial LIBs for the last 15 years. The discharge- charge profiles of MCMB- 
















Fig.I.6. Charge-discharge cycling of MCMB graphite. Taken from [39]. 
 
I.7.1.2. Oxide Anodes based on intercalation/de-intercalation 
I.7.1.2.1. Li4Ti5O12 
 The lithium titanium oxide (Li4Ti5O12) with the cubic spinel structure works as an 
Li insertion/de-insertion material and has been studied extensively during the last 15 
years [1, 3, 5, 40, 41]. The special characteristic shown by Li4Ti5O12 is small volume 
change during charge/discharge processes (zero- strain material), which enables a long 
and stable cycling. It shows Li-insertion potential of ~1.5 V vs. Li as a two- phase 
reaction, which overcomes the electrolyte reduction and solid electrolyte interphase (SEI) 
formation during first discharge [1, 40]. 
The spinel structure of Li4Ti5O12 ((Li)8a[Li1/3Ti5/3]16dO4) consists of a cubic close 
packed oxygen array in which the Li- ions are located at the 8a tetrahedral sites and the 
Ti- ions along with some Li-ions are located at the 16d octahedral sites of a cubic unit 
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high voltage (~5 V) cathodes like, Li(Ni0.5Mn1.5)O4 and LiCoMnO4 in place of LiCoO2 
and demonstrated the feasibility of the Li- ion cells [42, 43].  
Other metal oxides besides Li4Ti5O12, which have the ability to show Li- 
intercalation/de-intercalation to/from the crystal structure reported in literature are, TiO2, 
MoO3 and Nb2O5. The TiO2 is one of the potential candidates as high- power anodes for 
LIBs due to its low cost, ready availability in large scale and eco- friendly. The anatase is 
known to be most electroactive host for Li-intercalation among all the polymorphs of 
TiO2. During the Li-insertion, the TiO2 forms LixTiO2, thereby creating a charge 
compensating xTi3+ cations in the Ti4+ sublattice. The redox reaction in TiO2 occurs in 
the voltage range of 1.5 -1.8 V vs. Li. Similar to Li4Ti5O12, high potential makes the TiO2 
inherently safer than graphite and decrease the reactivity at the electrode/electrolyte 
interface and thereby minimizing the ICL [44]. But, the poor electronic and Li-ion 
conductivity associated with TiO2 in its bulk form restricts its potential use as anode 
material for LIBs. To improve its electrochemical properties, various attempts are made 
to fabricate nanostructure TiO2 to increase the Li-insertion by decreasing the diffusion 
length. Recently, Chen et al. [45] reported excellent Li- cycling performance of anatase-
TiO2 hollow microsphere assembled with nanotubes and showed initial insertion/de-
insertion capacities of 290 and 232 mAhg-1 at a current rate of 0.2 C, respectively. A high 
reversible capacity of 150 mAhg-1 was noticed after 500 cycles at 1 C- rate [45]. 
 Molybdenum oxide, MoO3 is widely studied as anode material due to its high 
theoretical capacity (1117 mAhg-1) and due to the layered crystal structure. But, the poor 
electronic and ionic conductivity limits its performance. Various attempts were made to 
overcome this problem: (i) doping metal ions in to MoO3, (ii) modifying the structure and 
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(iii) incorporating MoO3 in to a composite. The Na0.25MoO3 (sodium molybdenum oxide 
bronze) showed a high initial capacity of 940 mAhg-1 when cycled in the voltage range of 
3.0 - 0.005 V, but the value degraded to 400 mAhg-1 after 100 cycles [46]. However, a 
stable capacity was noted at a low current rate 0.05 C and when the lower cut- off voltage 
was increased to 0.2 V [46]. With respect to morphology and particle size, MoO3 
nanoparticles displayed a high capacity of 630 mAhg-1 when cycled in the voltage range 
of 3.5 – 0.005 V at C/2 current rate which was stable upto 150 cycles, whereas the 
micron- sized MoO3 (~5 µm) particles showed drastic capacity fading [47].   
 Another interesting Li-insertion material studied as anode for LIBs is niobium 
pentoxide, Nb2O5. Wei et al. [48] reported the Li- cycling of Nb2O5 nanobelts and 
showed an initial discharge (intercalation) capacity of 250 mAhg-1 in the voltage range of 
1.2 – 3.0 V, at 0.1 mAg-1, which corresponds to x = 2.5 for LixNb2O5. A stable capacity 
of 180 mAhg-1 was obtained at the end of 50 cycles. The CV of Nb2O5 at 0.1 mVs-1 in the 
potential range 1.0-3.0 V showed the reduction of  Nb5+ ↔ Nb4+ and Nb4+ ↔ Nb3+. The 
potentials correspond to these reduction are 1.62 V and 1.33 V, respectively. During 
oxidation, peaks at 1.73 V and 1.42 V were noticed, which correspond to Nb4+↔ Nb5+ 
and Nb3+ ↔ Nb4+, respectively [48]. 
I.7.2. Anodes based on metals undergoing alloying/ de-alloying reaction 
 Many elements/ metals belonging to Group II, III, IV and V elements of the 
Periodic Table can form alloys with Li (strictly, inter-metallics). They are Si, Ge, Sn, Pb, 
Zn, Cd, Al, In, Sb and Bi [1, 2, 3, 5, 49-51]. The alloying- de-alloying reaction (Eqn. I.10) 
which can contribute to the reversible capacity and thus, the M (M = alloying element) 
can act as an anode material for LIBs: 
  27
  M + x Li ↔ LixM                                                                             --- (I.10) 
The ranges of x for different alloying elements are listed in the Table.I.1 with voltage 
ranges vs. Li metal. As can be expected, Sn and Si are explored as potential anode 
materials for LIBs due to their high capacity, low voltage for the reaction (Eqn. I.10), 
relatively cheap and environmentally acceptable. Since the densities of Si and Al are 
relatively low, the volumetric capacities are also high. 
 
Table.I.1. Li- alloying elements. Alloying composition, x in LixM, voltage range vs. Li- 
metal and theor. capacity based on the atomic weight of M are given. Data taken from [49, 
50]. 
 
Elements Thero. Cap. 
(mAhg-1) 
Alloying range; 
x in LixM 
Voltage range vs. Li 
(Volt) 
C 372 0-0.17 0.07-0.4 
Bi 389 0-3 0.8 
Zn 410 0-1 0.15-0.5 
Pb 570 0-4.4 0.3-0.6 
Sb 660 0-3 0.94 
In 700 0-3 0.08-0.5 
Cd 715 0-3 0.05-0.7 
Al 990 0-1 0.4 
Sn 994 0-4.4 0.4-0.8 
Ge 1624 0-4.4 0.7-1.2 
Ag 2982 0-12 0.0-0.25 
Si 4200 0-4.4 0.0-3.0 
 
I.7.2.1. Electrochemistry of Si-Li system 
Silicon has been explored as the possible negative electrode material for LIBs, as 
it delivers a high theoretical capacity (Li4.4Si; 4200 mAhg-1), almost 11 times that of 
commercial graphite, based on alloying/de-alloying reaction mechanism. Also, it is the 
second most abundant element on earth which adds another advantage for the feasibility 
as anode material. But, severe unit cell volume change during cycling causes larger stain 
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in the material and results in the loss of electrical contact with the current collector. 
Intensive studies have been carried out to overcome the above by various approaches: (i) 
reducing the particle size to nano- level, (ii) dispersing Si in other matrix materials, and 
(iii) using different binder [1, 2, 52, 53].  
 Studies have shown that Si in different nanostructures showed improvements in 
the capacity- retention compared to that of bulk- (micron- size) Si [54-56]. Chan et al. [54] 
reported the Li- cycling of Si- nanowire, which showed a reversible capacity of 2900 
mAhg-1 at a current rate of 0.05 C. However, only 50% of the initial capacity was 
obtained at 2 C- rate. Kim et al. [55] reported the Li- cycling of Si- nanoparticles of 5, 10 
and 20 nm in the voltage range of 0 – 1.5 V at a current rate of 900 mAg-1. They showed 
that first- charge capacity of these nanoparticles are in the range of 2650 – 3770 mAhg-1, 
with coulombic efficiencies < 85%. The Si- nanoparticle of 10 nm showed best capacity 
retention of 87% compared to 5 and 20 nm up to 40 cycles. Kang et al. [56] studied the 
Li-cycling of Si- nanowire up to 50 cycles in the voltage range of 0.01 – 2.0 V and 
showed an initial capacity of 4000 mAhg-1 with coulombic efficiency < 98 %.  
The Si-M composites (M = Co, Fe, Ca, Sn, Zn, Ag and C), have been investigated 
in recent years for their cycling stability [1, 2, 52, 53, 57-59]. Carbon has been shown to 
be a good candidate due to its good electronic conductivity and buffering effect of 
volume changes occurring in Si. Recently, Magasinski et al. [59] reported the Li- cycling 
of Si/C nanocomposite and obtained a high capacity of 1590 mAhg-1 at 1 C-rate and 
stable up to 100 cycles.   
The silicon monoxide is considered as a promising choice for high capacity anode 
material. During first discharge it is irreversibly reduced, resulting in the formation of 
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nano-sized clusters of amorphous Si surrounded by Li2O as per Eqn. I.11. Further 
reaction with Li is the reversible formation of Li4.4Si as per Eqn. I.12 
SiO + 2 Li+ + 2 e- → Si + Li2O           (e-  = electron)                         --- (Eqn. I.11) 
Si + 4.4 Li+ + 4.4 e- ↔ Li4.4Si                                                             --- (Eqn. I.12) 
But, the in-situ formed Li2O is not sufficient to alleviate the large volume changes 
associated with the Li- cycling. Recently, Park et al. [60] reported the Li- cycling of 
milled- SiO, milled-SiO/graphite and nano-Si/SiOx/graphite composites prepared by ball-
milling, in the voltage range of 0.0 – 2.0 V at 100 mAg-1. The nano-Si/SiOx/graphite 
showed better capacity retention (70% of the initial capacity) and a reversible capacity of 
710 mAhg-1 was noticed after 100 cycles. Zhang et al. [61] reported the Li- cycling of 
core-shell Si/SiO nanocomposite prepared by sol-gel method and obtained a capacity of 
540 mAhg-1 at the 20th cycle.   
I.7.2.2. Electrochemistry of Sn-Li system 
 As mentioned earlier, the Sn-metal shows a high capacity (~994 mAhg-1) due to 
the alloying/de-alloying reaction mechanism of LixSn with x = 4.4. Detailed experimental 
studies have shown that the value of x goes through several stages (x = 0.4, 1.0, 3.3) 
before reaching the maximum value of 4.4. This behavior was supported by the 

































Fig.I.8. Experimental (solid line) and calculated (dashed line) voltage profile for the 
lithiation of tin. Taken from [51]. 
 
 
During the electrochemical lithiation, the Sn pulverizes rapidly when it forms 
Li4.4Sn due to the large density difference and unit cell volume change w.r.t. Sn. This is 
because, the crystal structures of the phases with various x are different and hence their 
unit cell values are different, in comparison to the pure Li and pure Sn. This volume 
change is as high as 300% for x = 0 to 4.4. It was observed that restricting the alloy 
formation to a stoichiometric LiSn (x = 1), reduces the large volume change as both Sn 
and LiSn are having almost the same densities.  
Over the years, strategies similar to those employed for Si have been adopted to 
suppress or reduce the capacity- fading during Li- cycling of Sn. These are: (i) reduction 
of particle size to nano-meter range so that relative changes in the unit cell volumes are 
small, (ii) introducing electrochemically inactive/active matrix element in the form of 
nano-composites which will help in absorbing some of the volume changes, (iii) surface 
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coating of the particles with suitable materials and (iv) choosing a suitable binder for 
making the electrode in place of the conventional polymer (pvdf + hfp) binder.  
I.7.2.3. Tin based inter-metallics and composites 
  The Sn-based inter-metallics and composites showed a significant improvement 
in Li-cyclability over that of Sn-metal [1, 3, 5, 49-51, 62-64]. The idea of using the Sn-
based inter-metallics/ composites is that during Li-cycling at specific electrode potential, 
one phase/component is electrochemically active, i.e. expansion/ contraction of host 
lattice, whereas the other remains less active or inactive (called as matrix) and helps in 
buffering the volume expansion. To achieve satisfactory cycling performance the active 
materials should be in nano- size, finely distributed in the matrix, the matrix should be a 
good electronic conductor and preferably also an ionic conductor so that it allows both 
Li-ion and electron to enter into the bulk to react with the active material. 
 The Sn-based inter-metallics or composites containing the electrochemically- 
inactive matrix elements, M = Co, Ni, Fe, were extensively studied as anode materials. 
The M- metal does not form alloy with Li. During the Li-cycling, the M-Sn inter-metallic 
dissociates to M and Sn-metal. The Sn-metal participates in Li- cycling as per Eqn. I.13.  
Sn + 4.4 Li+ + 4.4 e- ↔ Li4.4Sn                                                                               ---(I.13) 
The re-formation of parental compound (M-Sn) may or may not occur at the end of 
charge- cycle. The use of inactive matrix (M) results in lowering of the obtainable 
reversible capacity for a given weight of electrode material. To achieve a high capacity, 
many electrochemically- active elements (M’ = Si, Zn and Sb) which can also form alloy 
with Li, were introduced along with Sn, where they contributed to reversible capacity and 
mutually worked as matrix elements due to their Li-reactivity at different voltages 
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(Table.1). For example, in SnSb the Li- alloying potential for Sb is 0.8 – 1.0 V, whereas 
for Sn, the alloying potential is 0.3-0.5 V. Both Sb (x = 3.0 in Li3Sb) and Sn take part in 
Li-cycling to give high capacity. An SnSb/C (amorphous carbon) has been found to give 
a stable capacity of 550 mAhg-1 up to 300 cycles at 2C rate [65].  
The composite of Sn@C  is interesting due to the dual behavior of carbon, where 
it provides electronic conductivity and behaves as matrix element buffering the volume 
variation. Hassoun et al. [64] reported a capacity of 450 mAhg-1 stable upto at least 100 
cycles for nanostructured Sn@C composite, whereas Cui et al. [66] obtained a stable 
capacity of ~ 550 mAhg-1 for Sn encapsulated carbon. Carbon nanotube (CNT) were used 
as matrix and conducting additive due to their hollow core, high electrical conductivity 
and flexibility. A number of Sn@CNT composites were studied as anode materials, 
where Sn was deposited on the external wall of CNT [67, 68]. The group of Dahn [63, 
69-71] extensively studied varying compositions of Sn-Co-C composites. The optimized 
composition, Sn35Co35C30 showed a better performance, with a stable capacity of 400 
mAhg-1 in the voltage range of 0.005-1.2 V at 0.2 C- rate up to 100 cycles. Incidentally, 
the above composite is very similar to the Sony. Co., second- generation anode material, 
Sn-Co-C. 
 A few Sn- and Sb- based intermetallics have been studied as anodes [72-75]. 
Examples are: Cu6Sn5, Co and Ni- substituted Cu6Sn5 [72, 73], CuSb [75] and ZnSb [76]. 
I.7.2.4. Tin based oxides 
I.7.2.4.1. Amorphous Tin composite oxides (ATCO) 
 A large number of Sn-based oxides, both in amorphous and crystalline form have 
been tested as anode materials for LIBs for the past 13 years. In 1997, Idota et al. [77] 
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studied the Li-cycling of amorphous tin composite oxide (ATCO). The ATCO has the 
general formula, SnMxOy, where M is a group of glass- forming elements whose total 
stiochiometric number is equal to or more than that of Sn (x ≥ 1) and typically consists of 
mixture of B(III), P(V) and Al(III). In ATCO, Sn is the electrochemically- active ion for 
Li- reaction, whereas the glass network provides electrochemically- inactive species, 
which isolates the Sn(II) active center. During the reaction with Li, the Sn-oxide is 
reduced to metal, followed by the Li-Sn alloy formation. The ATCO showed initial 
reversible capacity 600 mAhg-1, which however, slowly decreased upon cycling. 
I.7.2.4.2. Sn-based binary oxides 
 During the past decade, various metal oxides of different particle size and 
morphology, such as ZnO [78], PbO [79], In2O3 [80], Sb2O3 [81], SnO [82], SnO2 [83] 
were studied as prospective anode materials for LIBs, since the metals can form stable 
alloys with Li.  
Tin oxides, SnO [82, 84- 86] and SnO2 [83, 87-89] were extensively studied due 
to their high capacity in comparison to other oxides. During the first discharge (reaction 
with Li), the SnO or SnO2 undergoes crystal structure destruction (amorphisation) and 
formation of nano Sn-metal dispersed in amorphous Li2O as per Eqn.I.14 and I.15. This 
is followed by the alloy formation, Li4.4Sn (Eqn. I.13). During the charging process, the 
reverse reaction of Eqn. (I.13) occurs in the presence of Li2O acting as a matrix.  
SnO + 2 Li+ + 2 e- → Sn + Li2O                                                                               ---(I.14) 
SnO2 + 4 Li+ + 4 e- → Sn + 2 Li2O                                                                           ---(I.15) 
The Eqns. I.14 and I.15 are irreversible reactions, which contribute to the irreversible 
capacity loss (ICL) during the first- cycle, where as Eqn. I.13 contributes to the reversible 
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capacity. The Li- cycling performances of Sn-based oxides were found to be superior to 
pure elements, due to the presence of electrochemically formed nano- Li2O. The Li2O 
behaves as buffering domain during Li-Sn alloy formation and decomposition, thereby 
reducing the volume variation and reducing the capacity- fading by maintaining the 
electrode integrity. It also provides the conducting channel for the Li-ion migration and 
helps in keeping the electrochemically formed nano Sn- metal particles apart and 
prevents agglomeration. However, Li2O alone is not effective in completely suppressing 
the capacity fading during long term cycling.  
Li et al [84] reported that the Li-cycling properties of SnO were influenced by the 
particle size, as was clear from studies on un-milled and ball-milled SnO. Uchiyama et al. 
[85] reported a comparative study of the cycling of SnO of different morphologies with 
that of commercial SnO. They found that both meshed and flat plate SnO showed initial 
capacities of 760 and 880 mAhg-1, respectively compared to 525 mAhg-1 for commercial 
SnO in the voltage range 0.1- 1.0 V at 100 mAg-1. Ning et al. [82] studied the Li- cycling 
of nanoflower SnO in the voltage range of 0.01- 2.0 V at 0.1 C rate. A 4th cycle charge 
capacity of ~750 mAhg-1 was noticed, but the capacity faded to 450 mAhg-1 with in 20 
cycles.  
The SnO2 nanowires prepared by vapour- liquid- solid (VLS) method showed a 
high capacity of 510 mAhg-1 at the end of 50th cycle [83]. Wang et al. [88] reported the 
Li-cycling of SnO2 of different morphology, such as nanotubes, nanotube-nanorod hybrid 
and nanorods. They showed that fully tubular nanostructure- SnO2 performed well and a 
capacity of 654 mAhg-1 was retained at the end of 40 cycles. Kim et al. [87] reported the 
effect of critical particle size of SnO2 on the electrochemical performance. The SnO2 of 
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particle size ~3 nm showed a high reversible capacity of ~600 mAhg-1. The cycling 
performance of SnO2 was also tested by preparing SnO2-CNT composites [89 - 91], CuO-
CNT-SnO2 nanocomposite [92] and coating of SnO2 with conducting carbon [93-96]. It 
was found that the upper cut-off voltage w. r. t. Li- metal has a tremendous effect on 
cycling performance of both SnO and SnO2. Capacity- fading was found when cycled 
above the upper cut-off voltage of 1.0 V due to the formation of SnO/SnO2, which led to 
large volume variation [97, 98]. The optimum upper cut-off voltage for best Li-cycling of 
Sn-oxides was found to be <1.0 V in majority of studies. There are, however, some 
reports of nano-SnO2 exhibiting high and stable capacities when cycled in the range, 
0.005 – 3.0 V [89, 90].  
I.7.2.4.3. Sn-based ternary oxides 
Incorporating both electrochemically inactive/active matrix to the Sn-based 
oxides was found to be one way to buffer the unit cell volume changes and thereby 
minimizing the capacity- fading. During last decade, many ternary Sn-based oxides such 
as M2SnO4 (M= Zn, Co, Mn) [99-103], ASnO3 (Ca, Ba, Sr) [104, 105], Li2SnO3 and 
SiSnO3 [106], composites MO.SnO2 (M = Ca [107], Mg [108]) were studied as anode 
materials for LIBs. The electrochemically formed M / MO-Li2O during the first discharge 
reaction acts as a matrix for electrochemical cycling of Sn. Sharma et al. [107] reported a 
high and stable capacity of 500 mAhg-1 for nano-composite CaO.SnO2  and showed that 
the presence of CaO acts as an excellent buffering matrix to suppress the capacity- fading.  
The crystal structure also plays an important role in Li- cycling of Sn-based 
ternary/quaternary oxides. Connor and Irvine [99, 100] reported that M2SnO4 (M = Mg, 
Mn) having SnO4 tetrahedral O- coordination with the inverse- spinel structure showed 
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different Li- cycling behavior compared to SnO2 or CaSnO3 which have SnO6 octahedral 
O-coordination. Behm and Irvine [109] found different Li- cycling behavior of SnP2O7 
possessing different crystal structures. The cubic phase with isolated SnO6 octahedra (and 
corner- linked PO4 tetrahedra) showed higher reversible capacity and 96% capacity- 
retention at the end of 50 cycles, as compared to the SnP2O7 with the layered structure 
which showed only 53% capacity- retention at the end of 50 cycles. The Sn- based 
hollandite- type compounds containing SnO6 octahedra with chemical formula 
A2(M,Sn)8O16, where A = large size alkali or alkaline earth cations like, K or Ba and M = 
bivalent or trivalent metal ion, are of interest to study as anode materials. Sharma et al. 
[110] studies the Li- cyclability of K2(M,Sn)8O16 (M = Li, Mg, Fe and Mn) and reported 
for M = Li, a capacity of 602 mAhg-1 at a current density of 60 mAg-1, with a capacity- 
retention of 73 % after 50 cycles. They found that the M- ion plays a role on the Li- 
cyclability with M = Li and Fe acting as ‘good’ matrices, whereas M = MgO and Mn are 
‘bad’ matrices and yielded drastic capacity- fading. Li- cyclability of Sn- oxides with the 
pyrochlore structure, A2Sn2O7 (A = Nd, Y) are reported by Sharma et al. [111].  
The reduction of particle size to nanometer scale has a tremendous effect on Li- 
cycling behavior of alloying- de-alloying based anode materials due to compensation of 
large volume variations during discharge and charge process. The capacity retention in 
the case of Sn-based oxides has been improved to some extent by reducing the particle 
size of the active material to nano- size [112, 113]. As mentioned earlier, the advantages 
associated with nanomaterials as electrode materials for LIBs are: (i) They enable the 
electrode reactions, which may not take place when micron- size particles are employed. 
(ii) The rate of Li-ion intercalation/de-intercalation is highly increased due to the smaller 
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diffusion length (L). The characteristic time (τ) for intercalation/de-intercalation is 
decreased due to decrease in diffusion length, since τ = L2/D, where D is the diffusion co-
efficient. (iii) The electron transport is enhanced within the particles due to nanometer- 
sized particles. (iv) The smaller particle size can modify the chemical potentials for Li-
ions and electrons, thereby changing the electrode potential to some extent (~ mV)[114, 
115]. 
I.7.2.5. Antimony (Sb) based Anodes 
  Antimony (Sb) has received attention as an alternative to graphite anode, due to 
its high specific capacity (Li3Sb; 660 mAhg-1) and higher operating voltage than graphite 
which favors for the battery safety during rapid charge/ discharge cycles. But, the 
inherent problem associated with Sb is the large volume variation (e.g., 137 % per Sb 
atom). In order to alleviate the large volume change, Sb in nanocrystalline form, 
containing electrochemically active/inactive counter ions and composites were studied [1, 
2, 116]. Recently, Yoon and Manthiram [116] reported the Li- cycling of Sb-MOx- C (M 
= Al, Ti, Mo) nanocomposites and showed good electrochemical performance and rate 
capability. For M = Al, they found the best result, with a capacity >430 mAhg-1 after 100 
cycles when cycled in the voltage range of 0-2.0 V at 100 mAg-1.  
 There are a few reports on the Li- cycling of Sb2O3 [117-119]. Xue et al. [118] 
studied the nanostructured Sb2O3 thin films and obtained a reversible capacity of 794 
mAhg-1 in the voltage range of 0.01 to 3.0 V at 273 mAg-1. The alloying/de-alloying 
voltages of Sb in Sb2O3 were attributed to 0.8 V and 1.05 V, respectively and these 
values agree with those reported by Li et al. [117].  
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I.7.3. Metal oxide anodes based on conversion reaction 
I.7.3.1. Binary oxides 
In 2000, Poizot et al. [120] reported the Li- storage and cyclability of transitional 
metal oxides, MO, where M = Co, Cu, Ni and Fe with rock salt structure. They showed 
that nano- MO showed high capacity of ~700 mAhg-1, with good capacity- retention up 
to 100 cycles at a high C- rate. The reaction mechanism involved during Li- cycling is 
different from that of intercalation/de-intercalation and alloying/de-alloying, and involves 
the formation and decomposition of Li2O, along with the reduction to, and oxidation of, 
metal nano particles, the so called ‘conversion / displacement reaction’ (Eqn. I.16). 
 MO + 2 Li+ + 2 e- ↔ M + Li2O                                                                  --- (I.16) 
Normally, Li2O is electrochemically inert, but it can participate during electrochemical 
cycling due to the ‘insitu’ electrochemically formed nanoparticles, as the latter catalyze 
the reaction [120-123].  
The voltage vs. composition (x in LixMO) profiles of various MO (M = Co, Ni, 
Fe) are shown in Fig.I.9. As can be seen, for all M, a flat voltage region during the first- 
discharge at a voltage of 1.0- 0.8 V (R1 in Fig. I. 9) and a sloping region till to the deep 
discharge limit of 0.01 V are observed (R2 in Fig. I.9). CoO showed a high reversible 
capacity of 750 mAhg-1 in the voltage range of 0.01 – 3.0 V and remained stable at least 
up to 100 cycles [120- 123]. The voltage plateau noticed at 1.0 – 0.8 V in the region (R1) 
corresponds to the crystal structure destruction and formation of Co/Li2O, where the 
nano-size Co-metal particles (~4-5 nm) are embedded in the X-ray amorphous Li2O. The 
sloping region (R2) extended up to deep discharge of 0.01 V. The extra capacity 
(consumption of x > 2.0) noticed during this first- discharge process are ascribed to the 
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factors, such as (i) formation of polymeric gel- type layer on the Co-metal nanoparticles 
due to the catalytic decomposition of the solvents of the electrolyte [120, 121] and (ii) 
possibly interfacial storage of extra Li in Co/Li2O. During the charging process, re-
formation of CoO is noticed, which is supported by in-situ XRD and –TEM [120, 121, 
123]. Studies showed that charging to voltage > 2.0 V vs. Li is necessary in order to 
achieve a stable capacity as the dissolution of polymeric layer (formed during discharge) 









Fig. I.9 Voltage- composition profile for various MO/Li cells. The cells were cycled at 
C/5 rate in the voltage range, 0.01-3.0 V. Taken from [121]. 
 
 
Another transitional metal oxide, namely, Fe2O3 has been explored as anode 
material via conversion reaction [125-130]. During the first discharge, the Fe2O3 is 
reduced to Fe- metal particle and Li2O as per the Eqn. I.17: 
Fe2O3 + 6 Li+ + 6 e- → 2 Feo + 3 Li2O                                                         --- (I.17)  




According to Eqn. I.17, 6 moles of Li per formula unit of Fe2O3 will be consumed. But 
during charging (Eqn. I.18), studies showed that re-formation of Fe- metal to FeO or 
Fe2O3 is possible depending on the particle size. Liu et al. [128] showed that Fe2O3 
nanorods of thickness, 60-80 nm and length 300-500 nm, exhibited a stable specific 
capacity of 800 mAhg-1. They showed that the reversible transformation of Fe0 to Fe3+ at 
~1.8 V is possible during charging. However, capacity- retention was poor due to slow 
kinetics. Li- cycling of Fe2O3 of different morphology [125,126,128] and surface- coating 
[129,130] were also studied. Li et al. [127] reported that significant increase in reversible 
capacity as well as better cycling stability of micron- size Fe2O3 can be achieved by heat- 
treating the composite electrode, containing the active material, binder and conducting 
carbon, at 300oC for 12 h in flowing argon gas. They found a reversible capacity of ~400 
mAhg-1 in the case of bare electrode, whereas the heat- treated electrode showed a 
capacity of ~800 mAhg-1, stable up to at least 100 cycles, when cycled at 0.2 C-rate, in 
the voltage range, 0.005 – 3.0 V.  
Co3O4 crystallizes with the inverse spinel structure, Co3+[Co2+, 3+]O4 and is well 
studied as anode material. Lu et al. [131] reported the Li- cycling performance of Co3O4 
of different morphologies like, nanoparticles, nanorods and macroporous platelets. They 
showed that macroporous platelets performed better compared to others, with a capacity 
of 811 mAhg-1 at the high current rate of 1780 mAg-1. Co3O4 in the form of nanoplatelets 
[132], nanoneedles [133] and nanotubes [134] were also studied for Li- cyclability and all 
of them showed high capacities. Li et al. [135] reported a capacity of 700 mAhg-1 at 1 C 
rate for mesoporous nanowire Co3O4.  
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 Fe3O4 is another binary oxide, which adopts an inverse spinel structure (similar to 
Co3O4), where Fe3+ ions occupy tetrahedral (8a) sites and the Fe2+ and Fe3+ ions occupy 
the octahedral (16d) sites in the crystal structure [136] (Fig. I.10). It has been extensively 
studied as anode material due to its high theoretical capacity values, low cost and 







Fig. I.10 Crystal structure of Fe3O4. Taken from [136]. 
 
Early studies on Fe3O4 showed poor capacity- retention and limited diffusion kinetics. 
Liu et al. [138] reported that Fe3O4/C core- shell nanorods show a reversible capacity of 
~390 mAhg-1 after 100 cycles. Wang et al. [139] reported a high capacity of 1007 mAhg-1 
at the 80th cycle for Fe3O4/C composite nanofiber with good rate capability.  
 Other binary oxides like FeO [120, 121], NiO [120, 121, 141], CuO [120, 142], 
ZnO [143], CdO [144] have been studied for their Li- cycling property by conversion 
reaction. In the latter two compounds, the metals can form alloys with Li (Table I.1), and 
thus larger reversible capacities are expected. However, capacity- fading is noticed in 
almost all the above binary oxides.  
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 Binary oxides of rutile-type, MO2, M = V [145], Mo [146] and Ru [147] have 
been studied as anode materials via conversion reactions. In the case of V and Mo, these 
can not be reduced to metals by Li during electrochemical cycling and they form either 
VO or MoOy (y ≥1). Stable capacities have been reported for nano-VO2 [145] and MoO2 
[146]. RuO2 can be educed to Ru- metal by Li and the Li- cyclability of RuO2 has been 
reported with 100% coulombic efficiency in the first- cycle when cycled between 0.05 – 
3.0 V vs. Li [147]. Lee at al. [47] reported the Li-cycling of MoO3 nanoparticles, which 
showed a stable reversible capacity of 630 mAhg-1 up to 150 cycles in the voltage range 
of 0.005-3.0 V. 
I.7.3.2. Ternary oxides with spinel structure 
  Ternary oxides with a variety of crystal structures like, spinel, scheelite, 
brannerite, brownmillerite and CaFe2O4- type have been investigated as anode materials. 
They contains at least one transition metal ion and one or more electrochemically active/ 
inactive ions. The Li-cycling mechanism involves ‘conversion reaction’ with the 
inactive- metal ions (e.g. Ca, Mg) acting as matrix. Depending on the structure, 
morphology, nano-size and metal ions, large and stable capacities have been reported. 
Since Co3O4 and Fe3O4 adopt the inverse spinel structure and found to show good 
Li- cyclability with high capacities, studies have been reported, as can be expected, on 
the substituted- Co3O4 and – Fe3O4. Thus, MCo2O4, M = Mg, Fe [148], Ni [149], Mn 
[150], Cu [151], Zn [152] have been studied either as bulk micron- size or nano-size 
particles. It is possible that Li- intercalation can occur, to some extent, in many of the 
above oxides without destroying the structure, due to the vacant sites for Li- ions in the 
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Some compounds based on Fe- oxides with the spinel structure, namely MFe2O4, 
M = Co, Ni [153], Zn [154] and Cd [155] have also been studied. Vanadium oxides with 
inverse- spinel structure, LiNiVO4 [156, 157] and LiCoVO4 [158] with V5+ ions at the 
tetrahedral sites, have been studied for their Li- cyclability both in thin film and 
polycrystalline form. Recently, spinel with V3+ at the octahedral site, ZnV2O4 [159] has 
also been investigated.   
1.7.3.3. Ternary oxides with other structures 
 Early studies on Li- cycling of MVO4, M = In, Cr, Fe and Al [160], FeVO4 [161] 
were reported, but the results were not encouraging. Molybdenum oxides of the type, 
MMoO4, M = Mn [162], Cu, Zn, Ni and Fe [163] and Ca [164] have been studied, where 
capacity- fading was noted in all cases. Hara et al. [165, 166] studied pure and Mo- doped 
MnV2O6 with the brannerite structure and elucidated the Li- cycling mechanism. Nazar et 
al. [167] and Sharma et al. [168] studied CaFe2O4 and its anodic behavior, whereas 
Sharma et al. [169] reported on the compounds with the brownmillenite structure, 
Ca2Fe2O5 and Ca2Co2O5. It was found that Ca acts as a good matrix element, in the form 
of electrochemically- generated CaO and gives a good Li- cyclability. However, the 
observed capacities were low (≤ 400 mAhg-1). Hence, there is a need to continue Li- 
cycling studies on other and complex oxides. 
I.7.4. Metal nitrides as anodes 
 Metal nitrides are explored as candidates for anode materials due to their high 
energy density as they can consume 3 moles of Li per formula unit (as Li3N) compared to 
that of oxides, where only 2 moles of Li are consumed. The lower redox potential in the 
case of metal nitrides, as compared to the oxide for the conversion reaction, is another 
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advantage. The lithiated phase of metal nitrides i.e., M/Li3N gives an excellent platform 
for reversible Li-reaction due to the high Li- ionic conductivity of Li3N, which has 
antifluorite structure [170]. Both binary and ternary metal nitrides have been studied over 
the years for their Li- cyclability. 
I.7.4.1. Binary metal nitrides 
                  The reaction mechanism during charging and discharging cycles of MyNz is 
given in Eqn. I.24, which shows a conversion reaction by the formation of metal 
nanoparticles embedded in Li3N matrix.  
 MyNz + 3z Li++3z  e- ↔ y M + z Li3N                                                        ---(I.24)  
Binary metal nitrides in thin film form studied are: Sn3N4 [171, 172], Zn3N2 [173], 
Ge3N4 [174], Cu3N [175], Co3N and Fe3N [176], Ni3N [177], CrN [178] and VN [179]. 
 Bates et al. [171] reported the Li-cycling of Sn3N4 thin films prepared by reactive 
sputtering and showed that during first- discharge reaction, Sn3N4 is reduced to Sn- 
metal and formation of Li3N along with the formation of Li-Sn alloy. The reversible 
capacity originated from the alloying/de-alloying of Li4.4Sn and, Li3N behaved as 
electrochemically- inactive matrix. Capacity- fading was noticed. Recently, Baggetto et 
al. [172] reported the Li-intercalation to Sn3N4 thin film forming a ternary compound of 
Li-Sn-N. They showed more than 6 moles of Li can be consumed due to the formation of 
intermediate compound, Li-Sn-N. This is followed by the formation of Sn metal and 
Li3N matrix.  
 Pereira et al. [173] found that the Zn3N2 reacts with Li to form LiZn alloy and β-
Li3N, and no evidence of formation of Zn prior to alloying (Eqn.I.25) 
 1/3 Zn3N2 + 3 Li+ + 3  e- →  LiZn + 2/3 β-Li3N                                            ---(I.25) 
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           LiZn + β-Li3N ↔ 3  e- + 3 Li+ + LiZnN                                                       ---(I.26) 
The reversible capacity is due to the reversible conversion of LiZn and β-Li3N into 
LiZnN (Eqn. I.26).  
 Ge3N4  was investigated as anode material by Pereira et al. [174]. The partial 
participation of active material of Ge3N4 during Li-cycling was supported by both in-
situ/ex-situ XRD and -TEM and gave a reversible capacity of 500 mAhg-1 in the voltage 
range of 0- 0.8 V. The Ge- metal and α- Li3N were found at the end of first discharge by 
SAED (selected area electron diffraction). Cu3N was studied as anode by Pereira et al. 
[175], where they showed much improved cycle life and excellent rate capability based 
on conversion reaction. The reversible reduction to Cu- metal and Li3N matrix and re-
formation of Cu3N during discharge and charge process are responsible for the capacity. 
        The transition metal nitrides of general formula, M3N where M = Co, Fe [176] and 
M = Ni [177] were studied as prospective anode materials. Reversible capacities ranging 
from 320 to 440 mAhg-1 were observed up to 40 cycles. The Li- cycling performance of 
thin film of CrN [178] and VN [179] were studied. Films of  CrN showed a first cycle 
discharge capacity of 1800 mAhg-1 when cycled at 28 Acm-2, in the range 0.005-3.5 V 
vs. Li, whereas the first- charge capacity of 1200 mAhg-1 slowly degraded by 0.5% per 
cycle up to 30 cycles. A stable capacity of 800 mAhg-1 was found for the VN thin films 
up to 50 cycles. The reaction mechanism is the conversion reaction and reversible 





I.7.4.2. Ternary metal nitrides 
 Lithium transition metal nitrides of the general formula, Li3-xMxN having layered 
hexagonal crystal structure (same as that of Li3N) were explored as negative electrode 
materials. Nishijima et al. [180, 181] and Shodai et al. [182, 183] reported the Li-cycling 
of Li3-xMxN (M = Co, Ni, Cu). Among these compounds, the composition, Li2.6Co0.4N 
was studied extensively, which showed a high reversible capacity of ~900 mAhg-1 in the 
voltage range of 0.01 to 1.5 V. There is an irreversible structure change leading to an 
amorphous phase in the first Li-extraction process and capacity-fading was noticed 
during cycling. Liu et al [184] reported the electrochemical performance of composite of 
Li2.6Co0.4N and carbon prepared by ball-milling and obtained a stable capacity of 400-
450 mAhg-1. Liu et al. [185] also reported studies on Cu or Fe or Ni- doped Li2.6Co0.4N. 
The compound, Li2.6(Co0.2Cu0.2)N showed a capacity of 600 mAhg-1 up to 60 cycles in 
the voltage range 0-1.3 V, whereas Li2.6(Co0.2Cu0.1Ni0.1)N and Li2.6(Co0.2Cu0.15Fe0.05)N 
showed 80% and 81% capacity- retention at the end of 60th cycle against the 1st cycle 
capacity of 717 and 781 mAhg-1, respectively. 
I.7.5. Metal phosphides and sulfides 
 Metal phosphides (MPn) have received attention as anodes due to the high-lying 
mixed anion-metal bands and strong covalent characteristics of M- pnicogen bond [186, 
187]. They show lower intercalation potential as compared to metal oxides and metal 
nitrides. The reaction mechanisms involved during the Li- cycling are: 
 MPn + x Li+ + x e- → LixMPn               (intercalation)                                            --- (I.27)  
 MPn + x Li+ + x e- ↔ LixP + M       (conversion reaction)                                      --- (I.28) 
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Kishore and Vardaraju [186] studied the simple phosphides, InP and GaP with the zinc 
blende structure as anode materials. InP performs well with a reversible capacity of ~475 
mAhg-1 when cycled between 0.2- 1.5 V. Souza et al. [187] showed that Li- intercalation 
to the host lattice of the layered structure MnP4 occurs to form Li7MnP4. The first 
discharge and charge capacities are ~1150 mAhg-1 and ~700 mAhg-1, respectively. The 
re-formation of MnP4 was observed during Li- extraction in the voltage range of 0.57- 1.7 
V vs. Li. However, a large volume variation associated with the above reactions during 
cycling led to capacity- fading. 
 Silva et al. [188] studied the Li- cycling property of FeP2. They found that during 
the first-discharge, 6 moles of Li are consumed to form a metastable ternary ‘Li-Fe-P’ 
phase, of which 5.5 moles of Li are extracted during the first- charge. The Li- reaction of 
CoP3 [189] is different from that of MnP4 and FeP2, where crystal structure destruction/ 
amorphisation occurs typical of conversion reaction (Eqn. I.29). 
  CoP3 + 9 Li+ + 9 e- ↔ Co + 3 Li3P                                                  --- (I.29)  
A reversible capacity of 487 mAhg-1 was observed (theoretical capacity is 536 mAhg-1). 
 Binary metal sulfides and LiMS2 (M = Ti, V, Cr) have been studied as anode 
materials for their Li- cyclability [190-192]. Seo et al. [190] studied the electrochemical 
performance of nanoplates of SnS2 and showed that it can reversibly react with Li via 
conversion reaction and formation of Li-Sn alloy during the discharge reaction. The 
initial reversible capacity was found to be ~600 mAhg-1 but capacity- fading was noticed. 
Yan et al. [192] reported that CoS2 showed first- discharge capacity as 1280 mAhg-1 at a 
current rate of 50 mAg-1 based on conversion reaction where CoS2 is reduced to Co- 
metal and Li2S. 
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I.7.6. Metal fluorides and Oxyfluorides 
Metal fluorides and oxyfluorides are another class of materials which are studied 
as anodes for LIBs. Due to high ionic bond between M-F, these metal fluorides show 
electronically insulating behavior and inhibit the Li-diffusion to the host lattice. This 
problem was addressed by various groups by preparing nanocomposites of carbon and 
metal fluorides. Badway et al. [193] showed that FeF3 mixed uniformly with carbon 
exhibits a reversible capacity of 600 mAhg-1 at 70 oC. Li et al. [194] reported the Li- 
cycling of a number of metal fluorides, TiF3, VF3, MnF2, FeF2, CoF2, NiF2, CuF2. They 
showed that during first-discharge reaction, reduction of metal fluorides to metal and LiF 
is seen.   
 Reddy et al. [195] reported the Li- cycling of metal oxyfluorides, TiOF2 and 
NbO2F. They noticed during the first discharge, both compounds showed crystal structure 
destruction, in the voltage range of 0.8 – 0.9 V for TiOF2 and 1.3 – 1.4 V for NbO2F. 
They reported that 1.52 moles of Li/Ti in LixTiOF2 and 1 mole of Li/Nb in LixNbO2F are 
cyclable between 0.005-3.0 V.  
I.7.7. Metal Hydrides, Carbonates and Oxalates 
Oumellal et al. [196] showed that metal hydrides are cyclable w. r. t. Li- metal, 
have an average voltage of 0.5 V and the mechanism is conversion reaction. In the case 
of MgH2, they reported a capacity of 1480 mAhg-1 but the capacity-retention was poor. 
Metal carbonates and oxalates can show similar type of conversion reaction and 
can deliver a high reversible capacity. Aragon et al. [197] showed that MnCO3 can 
reversibly react with Li based on conversion reaction and forms Li2CO3 and Mn metal 
particles. They obtained a reversible capacity of ~600 mAhg-1, but capacity- fading was 
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noted. Recently, Sharma et al. [198] reported the Li- cycling of the mixed-metal 
carbonate, (Cd0.33Co0.33Zn0.33)CO3, where they showed that both conversion and alloying 
reactions (due to Li3Cd and LiZn) are mutually beneficial to achieve a stable capacity. 
They obtained a stable capacity of 680 mAhg-1 for the mixed carbonate in the voltage 
range of 0.005- 3.0 V when cycled at 60 mAg-1 up to 60 cycles. 
The Li- cyclability of mesoporous iron oxalate, FeC2O4 nanoribbons was studied 
by Aragon et al. [199]. They reported a high capacity of ~700 mAhg-1 after 50 cycles at 
2C- rate based on conversion reaction. The first- discharge process involves reduction of 
FeC2O4 to Fe metal along with the formation of Li2C2O4 matrix. 
I.8. Electrolytes for LIBs 
 An electrolyte is an integral part of the LIBs, which provides conducting 
pathways to the Li- ions from cathode to anode and vice-versa during charging and 
discharging. The electrolyte in LIBs consists of a Li-salt dissolved in a mixture of non-
aqueous (organic) solvents. The basic requirements of a suitable electrolyte for batteries, 
in particular, LIBs are: (i) Should have high ionic but negligibly small electronic 
conductivity. This is to minimize the cell short-circuit, achieve a good current (C-) rate 
capability and keep the self- discharge to a minimum. (ii) Should have high thermal and 
chemical stability. This is to reduce the decomposition of electrolyte in contact with the 
electrodes. Also, it should withstand temperatures, T ≥ 80 oC. (iii) Should have wide 
potential window to tolerate the high voltage difference between anode and cathode (> 
3.5 V). (iv) Should have low reactivity towards the electrodes, namely the electrode 
material must not be soluble in the solvents. (v) Should have low melting point to provide 
sufficient conductivity at low temperature. (vi) Should have high boiling point to provide 
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safety and prevent explosion resulting from high pressure build up in the LIB. (vii) 
Should be non- toxic and cost effective.  
Since the LIBs operate in the voltage range of 2.75 – 4.2 V, water can not be the 
solvent due to low decomposition potential (1.23 V). Depending on the nature and 
properties of electrolytes, they are broadly divided into three types, namely, liquid, solid 
and polymer electrolytes [1, 3, 4, 5, 200, 201]. 
I.8.1. Liquid electrolytes  
Liquid electrolytes for LIBs comprise of Li- salts dissolved in non-aqueous 
(organic) solvents. The solvent can be one or a mixture of two or three solvents to realize 
the desired properties of a good electrolyte. The commonly used Li- salts are, LiPF6, 
LiBF4, LiAsF6, LiClO4, LiCF3SO3 and LiN(CF3SO2)2. These Li- salts satisfy the criteria 
such as: (i) They have the ability to completely dissolve and dissociate in non-aqueous 
medium, and the solvated ions should be able to move in the medium with high mobility. 
(ii) The anions are inert and stable against oxidative decomposition at the cathode.  
 The LiCF3SO3 is a preferred choice, as it is not prone to oxidation and is also 
thermally stable, nontoxic compared to LiPF6, LiBF4 and LiAsF6 [1, 200- 204]. But it has 
major drawbacks such as poor ionic conductivity in non-aqueous solvents as compared to 
other Li- salts. The use of LiClO4 as an electrolyte in LIBs is prohibited due to the high 
oxidation state of chlorine (VII) in the salt, which is a strong oxidant. This can make the 
LiClO4 to react violently with most organic species at high temperature and high current 
rate of operation. The LiBF4 is also not recommended because of its moderate ionic 
conductivity compared to other Li-salts and poor cycling efficiency, though it is less toxic, 
easy to handle and its anion, BF4- is stable against oxidation. The LiAsF6 is highly 
  52
expensive and potentially carcinogenic, which restricts its use in LIBs. Thus, LiPF6 
emerged as the suitable salt for LIBs. It has a high melting point (200 oC), high 
decomposition temperature (Td ~80 oC in EC (ethylene carbonate) + DEC (diethyl 
carbonate)) and shows high ionic conductivity, σ ~1×10-2 S cm-1 at 25 oC for 1M LiPF6 in 
EC + DEC (50:50 vol.) [200]. However, it is toxic and expensive. 
The solvents play an important role in deciding the performance of electrolytes. It 
has been established that organic carbonates are most suitable solvents for LIB [1, 200, 
201, 204]. These carbonates are aprotic, polar and have high dielectric constant and hence 
can solvate the Li- salts at relatively high concentration (> 1M) and provide a good ionic 
conduction. The solvents commonly used are propylene carbonate (PC: C4H6O3), 
ethylene carbonate (EC: C3H4O3) and other linear carbonates, like, diethyl carbonate 
(DEC: C5H10O3) , dimethyl carbonate (DMC: C3H6O3) and ethylmethyl carbonate (EMC: 
C4H8O3). Studies have shown that none of the single solvent fulfilled the requirements for 
LIBs and thus, a large number of solvent combinations were studied with different Li- 
salts. The most suitable solvent for LIB is the combination of EC with DEC, DMC or 
combination of both (1:1 by volume).  
I.8.2. Solid Electrolytes  
Solid electrolytes are also called fast ion conductors or superionic conductors in 
which the ion like, H+, Li+, Na+ are highly mobile at temperature, T ≥ 25 oC. The Li- solid 
electrolytes are of special interest for application in LIBs. The Li- solid electrolyte 
contains a crystalline ceramic or a glassy network, in which the Li- ion moves through 
the interstitials or vacancies. The conductivity of solid electrolytes is ~10-4 – 10-8 S cm-1 
at 25 oC [1, 205-207].  
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The advantages of using Li- solid electrolytes for LIBs are: (i) They are single ion 
conductors, i.e., only Li - ion have an appreciable mobility, while the anions and other 
cations form a rigid network. (ii) They suppress the undesirable side reactions / 
decomposition of the electrolyte by eliminating the anionic concentration gradient across 
the electrolyte. (iii) They withstand high voltage operation (> 4.5 V) and high 
temperature (80 – 100 oC) operation due to the stability of ‘all-solid-state’ LIBs.  Also, 
Li- metal can be used as the anode. (iv) The solid electrolyte - electrode interface has the 
added advantages of providing a dense, hard surface that maintains its integrity and 
inhibits roughening of the microstructure that leads to mossy or dendrite deposit of Li.  
The solid electrolytes are divided into two categories, (i) ceramic (crystalline) 
electrolyte and (ii) glassy (amorphous) electrolyte. 
I.8.2.1. Ceramic Electrolytes  
Ceramic compounds in the form of oxides, halides, sulfides and nitrides with 
different crystal structures, are well studied as Li-ion conductors [1, 205-207]. They 
showed significant conductivity only at high temperature (T > 200 oC) due to their high 
activation energy. Among the oxides, perovskite (ABO3)- type Li+- ion conductors 
attracted a lot of attention as ceramic electrolytes. ABO3 (A, B are metal ions) 
compounds adopt a 3D- framework structure, with the vertex- sharing BO6 octahedra and 
the A- ions occupy the 12- coordinate sites in the lattice [208]. Various cations can be 
substituted at the A- site without disturbing the parental crystal structure. The Li+- ion 
conductivity depends on various factors, such as: (i) degree of cationic ordering, (ii) Li+- 
ion and vacancy concentrations at the A- site, and (iii) size and symmetry of the unit cell. 
The perovskite compound, La2/3-xLi3x□1/3-2xTiO3 [□: A-site vacancy; 0 ≤ x ≤ 0.167] shows 
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Li+- ion conductivity (σi) as high as 10-3 S cm-1 at room temperature. But the reduction of 
Ti4+ to Ti3+ (at ~2.3 – 1.5 V) during Li+-ion insertion causes predominant electronic 
conduction and hence may not be suitable for applications as electrolyte in LIBs [209].  
 The NASICON (sodium super-ionic conductor) - type Li- ion conductors of 
crystal structure, LiA2(PO4)3 (A = Ge, Ti, Zr) are compounds of interest as electrolytes 
for LIBs [1, 210]. The crystal structure is made up of AO6 octahedra and PO4 tetrahedra, 
which form 3D- network with interconnected channels which are occupied by the Li- 
ions. The Al- doped composition, Li1.3Al0.3Ti1.7(PO4)3 (LATP) showed σi (bulk) 3 × 10-3 
S cm-1 at 25 oC. The compound family with general formula, Li1+xTi2-xMx(PO4)3 (M = Al, 
Ga, In, Sc) have been investigated [211, 212]. All-solid-state LIBs with the above 
electrolytes have been fabricated and tested [213, 214]. 
 The LISICON- type Li- ion conductors are another class of compounds with 
general formula, ABO4  and a structure known as γ- Li3PO4, where BO4 tetrahedra shares 
the corners with cluster of three AO4 tetrahedra [1, 215].The compound, Li2+2xZn1-xGeO4 
was studied as electrolyte by Bruce and West [216]. The ionic conductivity of LISICON- 
type compounds are ~10-6 S cm-1 at 25 oC.  
I.8.2.2. Glassy Electrolytes  
The advantages of Li- containing glassy electrolytes are: (i) ease of fabrication, (ii) 
isotropic conductivity and (iii) absence of grain boundaries, which help in the 
enhancement of Li- ion conductivity. The Li- ion conducting glasses can be: oxides, 
oxynitrides, sulfides and oxysulfides [1, 215]. They are synthesized by adding the glass 
formers like SiO2, SiS2, B2O3 and P2O5 etc. along with the glass modifiers, such as Li2O 
and Li2S. However, the σi are ~10-4 – 10-5 S cm-1 at room temperature (RT). The sulfide 
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glasses show slightly higher σi (>10-4 S cm-1). The metastable and highly moisture- 
sensitive Li7P3S11 showed σi = 3.2 x10-3 S cm-1 at RT [217].  
 Lithium phosphorous oxynitride (LIPON) was studied as glassy electrolyte for 
LIBs. The Li- ion defective γ- Li3PO4 solid solution, with typical composition, 
Li2.88PO3.73N0.14 in thin film form showed a σi = 3.3 x 10-6 S cm-1at RT [218]. LIBs with 
the above and with the sulfide solid electrolytes have been fabricated and tested [219] 
I.8.3. Polymer Electrolytes  
The Li- salts dissolved in polymers are of interest for LIBs. The desired properties 
of polymer Li- electrolytes are: (i) good mechanical stability, (ii) adequate Li- ion 
conductivity, (iii) high cationic mobility, (iv) good interfacial contact with electrode, (v) 
wide electrochemical stability, (vi) chemical  and thermal stability and (vii) ease of 
processing. The polymer electrolytes are divided in to two groups: (a) Solid polymer 
electrolytes and (b) Gelled polymer electrolytes [1, 220]. 
I.8.3.1. Solid polymer electrolytes  
Solid polymer electrolytes (SPEs) are made up of Li- salts (LiClO4, LiXF6 (X = 
As, P), LiBF4, LiCF3SO3 etc.) dissolved in high molecular weight polymers such as 
polyethylene oxide (PEO), polypropylene oxide (PPO) and polyvinylidene fluoride 
(PVDF), and these act as solid solvents [1, 220, 221]. Wright and co-workers were the 
first to discover that PEO can dissolve Li- salts and show ion conduction at ambient 
temperature [1, 220, 221]. The ionic motion in SPEs is closely associated with the local 
structural relaxations related to the glass transition temperature (Tg) of polymer [1, 
220].The lower the Tg, the better will be the σi since the SPE remains amorphous at RT. 
Many SPEs studied show σi ~10-4 S cm-1 at RT which is insignificant for applications in 
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LIBs. Some improvement in σi is reported by dispersing ceramic nano- particles such as 
SiO2, Al2O3 and TiO2 in to the polymer matrix [205]. Also, the interfacial impedance 
present in both Li anode and composite cathode causes the ohmic losses in the 
electrolytes. 
I.8.3.2. Gelled polymer electrolytes  
To overcome the problems noticed in SPEs, gelled- polymer electrolytes (GPEs) 
were developed. These are obtained by incorporating a larger quantity of liquid 
plasticizers and/or organic solvents to the polymer matrix that is capable of forming a 
stable gel with the polymer host structure. They showed higher σi at RT due to the easier 
segmental motion of polymers, but poor mechanical stability compared to SPEs. The 
mechanical properties in GPEs are improved by addition of components, which lead to 
cross-linking [1, 220, 221]. These GPEs are attractive as electrolytes for plastic LIBs, as 
they show diffusive transport properties of liquid electrolytes and mechanical stability of 
SPEs. The safety-in-operation, electrochemical stability, and ionic conduction 
comparable to liquid electrolytes made these GPEs more closely to practical applications 
[205]. The commonly studied polymer systems are polymethyl methacrylate (PMMA), 
polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), polyvinyl chloride (PVC) and 
polyvinyl pyrrolidone (PVP). Among them, PAN- based polymer electrolytes have been 
extensively studied. The present- day LIBs found in cell phones contain the GPEs with 
LIPF6 as the salt and PVDF-HFP and other polymers and some patented additives. They 
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stationary power storage. The present work was undertaken to study the Li- cyclability of 
selected oxide materials and cobalt nitride (in thin films), which have not been reported 
in the literature. Specifically, hexagonal Mo3- cluster oxides, Li(Y/Ho)Mo3O8 and 
A2Mo3O8 (A = Mn, Co, Zn) (Chapter III), hollandites- type tin oxides, K2(M2Sn6)O16 (M 
= Co, In) (Chapter V) and nano-composites SnO(V2O3)x (x = 0, 0.25, 0.5) and 
SnO(VO)0.5 (Chapter VI) and CoN thin films (Chapter IV) were examined. These 
compounds were synthesized by various methods and characterized by physical 
techniques, and their Li- storage and cycling properties were studied.  
The Mo3- cluster compounds, Li(Y/Ho)Mo3O8 and A2Mo3O8 (A = Mn, Co, Zn) 
were studied as anode materials (Chapter III), as they were expected to give a high 
capacity value based on the conversion reaction due to the reversible reaction of Mo and 
A  atoms present in the compounds with Li and to know the effect of counter atoms on 
the Li- cycling for these iso-structural compounds. The unusual feature of these 
compounds is the presence of Mo3- cluster, in which Mo-Mo bond distance is les than 
that of Mo-Mo bonds in the Mo- metal. To study the Li- cycling behavior of such Mo3- 
cluster will be of interest. 
The cobalt nitride, CoN (Chapter IV) was studied in thin film form as anode 
material due to its high theoretical capacity (~1100 mAhg-1) based on conversion reaction 
and lower redox potential compared to metal oxides. The delithiated phase of CoN i.e. 
Co/Li3N is expected to give an excellent platform for reversible Li- reaction  due to high 
Li- ion conductivity of Li3N. 
The Tin- based oxides and composites were studied as prospective anodes due to 
their high theoretical capacity values and lowering operating voltages. But, the large 
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volume variation during electrochemical cycling causes capacity degradation. This 
problem is addressed by various approaches: (i) reducing the particle size to nano; (ii) 
introducing electrochemically active/ inactive matrix elemnets; (iii) selecting suitable 
initial crystal structure and (iv) chosing a suitable upper cut- off voltage.  
The Tin- hollandites (Chapter V) were studied as anodes as they have SnO6 
octahedral and tetragonal suitable crystal strcture for Li- cycling. The delithiated phase of 
Tin- hollandites, i.e. K2O-Co/In-Li2O was expected to provide a suitable platform for Li- 
cycling of Sn and buffer the large volume variation during alloy-de-alloy reaction of Sn 
to stabilize the capacity fading. The reduction of particle size of ball milled Tin- 
hollandites combined with the buffering effect of K2O-Co/In-Li2O were expected to 
enhance the Li- cycling performance and help in stabilizing the capacity. 
The nanocomposites, SnO(VOx) (Chapter VI)  were studied as anodes as they 
were expected to give a high and stable capacity due  to the simple formula (SnO), 
nanosize particles and presence of V2O3 and VO as matrices. The presence of V2O3 and 
VO, which show metallic nature at ambient conditions can provide a conducting path 
way for Li and help in buffering the large volume variation of alloy-de-alloy reaction.  
 The above research work was carried out in partial fulfillment of the requirements 
for the Ph.D. degree. The work presented in the Thesis has been published in the open 
literature. The work reported by others in the literature has been duly acknowledged and 
the Thesis contains more than 350 references, many of them being recent. The training 
received by me in the research methodology is of great significance to me and I hope that 
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 The experimental techniques used and their principle there of, in the synthesis and 
characterization of compounds as anode materials are described in this Chapter. The 
details of coin cell fabrication incorporating these materials as the test electrodes and the 
electrochemical characterization are also presented. 
II.1. Introduction 
 In this Chapter, a brief description of methods and principle involved in synthesis, 
characterization of metal oxides, metal nitrides and composites are presented. 
Conventional high temperature solid-state reaction, nitridation, carbothermal reduction, 
high energy ball-milling of component oxides and RF magnetron sputtering have been 
adopted for the synthesis of compounds. The physical characterization by way of  powder 
X-ray diffraction (XRD), scanning electron microscopy (SEM), high- resolution 
transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), 
Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, density 
measurement and BET surface area measurement were carried out. In selected cases, 
elemental analysis was conducted by inductively coupled plasma- optical emission 
spectroscopy (ICP-OES) technique. The electrochemical characterizations like 
galvanostatic cycling, cyclic voltammetry and electrochemical impedance spectroscopy 





II.2. Synthesis of Materials 
 The conventional high temperature solid- state reaction method was employed to 
prepare the Sn-based hollandite oxides [1]. The stoichiometric quantities of metal oxides/ 
carbonates (SnO2, MnCO3 and K2CO3) were mixed thoroughly in a mechanical grinder 
followed by pelletizing using a stainless steel die and a hydraulic press. The pellets (size: 
2 cm dia.) were heated to temperature (T = 900-1150 oC) in air using the box furnace 
(Carbolite, UK) and cooled to ambient temperature by furnace shut- off. Repelletizing 
and reheating is necessary to obtain pure phases of the products. The Sn-based hollandite 
oxides, K2M2Sn6O16 (M = Co, In) were thus prepared. The Mo-cluster oxide compounds 
have been prepared by carbothermal reduction method [2]. This method is generally used 
to prepare the transition metal oxides of a reduced valency. Here, super P carbon black  
(MMM, Ensaco) is used as the source of reducing agent, which reduces the valency of 
metal in the compound to its lower valency by forming CO at T ≥ 650 oC. The synthesis 
was carried out in inert (flowing Ar-gas) atmosphere in order to avoid the oxidation of 
the product. The compounds prepared by carbothermal reduction method are, 
Li(Y/Ho)Mo3O8, A2Mo3O8 (A = Mn, Zn, Co). 
 The RF magnetron sputtering technique was used to prepare the CoN thin films 
[3]. The CoN thin films were deposited on Cu- foil substrates (16 mm dia, and 20 m 
thick discs, 99.9%) and on surface oxidized Si- substrates (SHE, Japan; 6.25 cm2 area and 
380 μm thick) by using RF magnetron sputtering unit (Denton Vacuum Discovery 18 
system) in N2 atmosphere. Both the substrates were contained in the sputtering chamber. 
The Co- metal disc (Angstrom Sciences, USA, 99.9%) was used as the target. The 
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deposition conditions are: RF power at 150 W, total N2 partial pressure at 10 mTorr, 
sputtering time, 120 min and substrate temperature, 270C.  
 The nitridation of many metal oxides to form metal nitrides was carried in the 
flowing ammonia gas at T < 350 oC [4]. Presently, polycrystalline CoN was prepared 
from Co3O4 (obtained from the high temperature decomposition of cobalt oxalate) 
powder at 335oC for 2 h in flowing ammonia gas (NH3:15% + N2:85%) in a tubular 
furnace.  
High energy ball-milling (HEB) is an effective method for the preparation of 
nanomaterials [5]. The composites of SnO(VOx) (x = 1.0 and 1.5) were prepared by HEB 
at 1400 rpm using the equipment, Spex, 8000D, USA from the starting oxides, SnO and 
VOx. The materials were weighed and sealed inside a stainless steel vial (capacity, 25 ml) 
in the Ar- containing glove box (MBraun, Germany), the vial was taken out and ball 
milled for 18 h, in three steps of 6 h each, to avoid significant rise in temperature of the 
vial. Stainless steel balls (½ inch dia.) were used for milling with a ball to active mass 
ratio as 4:1. Also, nano-K2(M2Sn6)O16 (M = Co, In) were prepared from the pre-
synthesized compounds under similar HEB conditions. 
II.3. Characterization techniques 
II.3.1. X-ray Diffraction  
Powder X-ray diffraction (XRD) is a very common tool to characterize the materials 
to identify crystal structure, space group and in many cases to evaluate the crystallite size 
[6]. Since in many crystalline materials, the inter-atomic (ionic) distance is of the same 
order of X-ray wavelength, the principle behind the XRD is the Bragg’s Law. According 
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patterns were analyzed and information about the lattice parameters, space groups, crystal 
structures are evaluated by comparing the available standard data in the form of JCPDS 
(Joint Committee on Powder Diffraction Standards) provided by International Center for 
Diffraction Data (ICDD), USA. Software such as least square fitting (FINAX) and 
Rietveld refinement (TOPAS R 2.1) were used to analyze the raw data. 
 The crystallite size (P) of the oxides and other materials can be calculated from 
the observed XRD pattern by employing the Scherrer formula [6]: 
                                                P = λK  / cosθβ1/2                                                   --- (II.3) 
where 1/2β  is the Full Width at Half Maximum (FWHM), K  is the Scherrer constant 
(~0.9), λ is the wavelength (Cu Kα- radiation; 1.54 Å), θ is the angle at maximum 
intensity. The XRD- instrumental broadening was calculated by using the nano-TiO2 
(anatase) (Evonik Degussa; 99.5%) of ~25 nm particle size as the standard and was found 
to be 0.08o. This value was subtracted from the θ values from the XRD pattern containing 
two or more high- intensity peaks. 
II.3.2. Fourier transform infrared spectroscopy  
 Fourier transform infrared spectroscopy (FT-IR) is a well known technique for 
materials analysis and used to identify the known and unknown materials, their quality or 
consistency of the sample, the amount of components in a mixture, the bonding of the 
ions/ atoms/ molecules in a solid/ liquid/gas [8]. The principle is based on the absorption 
of a frequency, same as the frequency of internal vibration of group of atoms/ ions. When 
an infrared (IR) radiation is passed through a sample, some of it gets absorbed by the 
sample corresponding to the vibration frequency of the chemical bonds and some of it is 
transmitted. The absorbed radiation is measured by the spectrometer and the resulting 
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spectrum of energy in the Fourier- transformed mode (% transmittance) vs. frequency 
(wave number, cm-1) is the FT-IR spectrum of the material. The FTIR spectrum is the 
fingerprint of each material and reveals the characteristic vibrational frequencies. In the 
present study, Varian 3100 FT-IR, Excalibur 97 series, Canada, was used to record the 
FTIR spectra. 
II.3.3. Raman spectroscopy 
 Raman spectroscopy is a complementary tool of the FT-IR spectra and is used to 
characterize solid, liquid and gas species. It is based on inelastic scattering of 
monochromatic light from a laser source. When a laser light of frequency (υ0) falls on the 
sample, the photons are absorbed and some of them are re-emitted. The corresponding 
frequencies of emitted photons are either smaller or greater than the incident frequency. 
The effect of shifting of frequency to higher or lower values is named as ‘Raman effect’ 
[9]. The shift of frequencies provides the information about vibrational, rotational, and 
other low frequency transitions in the molecules.  This is generally based on the 
deformation of the molecules in the electric field E (laser light is considered as the 
oscillating electromagnetic wave with electric field vector E) determined by the 
molecular polarizability α.  The interaction of light with the sample induces electric 
dipole moment P = α E, which deforms the molecules and causes molecular vibrations. 
Generally, the molecules emit three different frequencies, such as: (i) Rayleigh frequency, 
which is same as the incident frequency due to elastic scattering. (ii) Stokes frequency, 
which is lower than the incident frequency and (iii) Anti-Stokes frequency, which is 
higher than the incident frequency. 
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 In the present work, micro- Raman measurements of the samples of LiYMo3O8 
and Mn2Mo3O8 were performed using 514.5 nm Ar ion LASER, and a triple 
monochromater system (JY-T64000) attached to a liquid N2- cooled charge-coupled 
device detector. Raman spectra at various temperatures were recorded by using the 
OXFORD microstat (liquid N2- cooled cryostat). 
II.3.4. Scanning electron microscopy 
 Scanning electron microscopy (SEM) is one type of electron microscope, which is 
used to study the surface morphology or topography of powder or thin films. This gives 
information on the particle morphology, size, texture, surface- structure and surface 
defects [10]. The principle behind the SEM is based on the detection and visualization of 
secondary and back scattered electrons as a result of the interaction of electron beam with 
the sample surface. It gives three- dimensional (3 D-) micrographs of the image by 
scanning the surface of the sample. Generally, the basic components of SEM instrument 
are: (i) electron column containing lenses, electron gun etc., (ii) vacuum system 
containing specimen chamber and (iii) detector. 
 During the SEM recording, the electron gun emits a beam of high- energy 
electrons, and the beam moves towards the sample in presence of series of magnetic 
lenses designed to focus the beam to a very fine spot on the sample. The focused beam 
scans the surface of the sample. The secondary and back scattered electrons generated 
due to interaction of electron beam and sample are detected. The secondary electrons of 
low energy give the surface information of the sample, whereas the back scattered 
electrons give chemical content distribution of the sample. For the SEM recording to get 
good micrographs, conducting samples are preferred to reduce the electrical- charging of 
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the sample. For non-conducting samples, a thin layer of metal such as Au / Pt is coated 
on the sample surface by the dc- sputtering technique.  
 In the present study, the SEM (JEOL JSM-6700 F) was used. Measurements were 
done on of polycrystalline powders.    
II.3.5. Transmission electron microscopy  
 Transmission electron microscopy (TEM) is another type of electron microscope. 
This is a well known technique for imaging solid materials at atomic resolution. The 
morphological and structural information can be obtained both by high resolution 
imaging as well as by electron diffraction [10]. The elemental analysis down to the sub-
nanometer scale can be performed by the TEM instrument employing additional detectors. 
The principle behind the TEM is the detection of transmitted beam of electrons through 
an ultra- thin specimen, interacting with the specimen as it passes through. An image is 
formed from the interaction of the electrons transmitted through the specimen. The high-
energy (~300 kV) electrons and electromagnetic lenses are used in a TEM. The electron 
beam passes an ultra- thin electron-transparent sample and a magnified image is formed 
using a set of lenses. This image is projected onto a fluorescent screen or a CCD camera. 
The smaller wavelength of electrons allows for a resolution of 0.2 nm in a TEM. There 
are two different modes of TEM imaging: bright- field image (the transmitted beam 
intensity) and the dark- filed image (diffracted beam intensity). 
 Selected area electron diffraction (SAED) is a valuable technique which is carried 
out in dark- field mode with the help of TEM. The structural characterization of materials 
is performed in this mode. A high- energy parallel electron beam is focused on the 
selected area of the specimen and diffracted by the ions/atoms present in the sample of 
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the selected area. The diffracted electrons create a pattern when projected onto the CCD 
camera. It shows a bright dotted pattern for single crystals, whereas concentric diffuse 
rings are noticed for amorphous material. Nano-crystalline materials show the concentric 
circles with diffused spots. The SAED pattern is used to evaluate the d- spacing (inter-
planar distance) by measuring the diameter of the concentric circles and thereby 
identifying the crystal structure by assigning the Miller indices (hkl) to the corresponding 
d- values. 
 Energy dispersive analysis X-rays (EDAX) can also be carried out by TEM by 
characterizing the energies of X-rays emitted from the atoms/ ions as a result of the 
interaction of the incident electron beam with the sample. The X-ray spectrum that is 
obtained allows for quantification of the elemental composition of the irradiated area in 
the sample.  In the present work, HR-TEM (JEOL JEM-3010 operating at 300 kV) was 
used. 
 The sample preparation for TEM study has a great significance in image 
formation by using electrons transmitted through the sample [10]. The characteristics of a 
good TEM sample are: (i) the sample thickness should be < 5 µm and surface should be 
free of contamination. (ii) The thickness of the sample should be comparable or less than 
the mean free path of the electron beam to avoid scattering. The following procedures are 
adopted to prepare a TEM sample: (i) the powders are ground to fine particles by agate 
mortar and pestle. (ii) A small quantity of the powder is suspended in an organic solvent 
(ethanol) and milled with ultrasonic miller for homogeneous dispersion. (iii) The latter is 
deposited onto the copper grid coated with holy-carbon.   
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II.3.6. Elemental Analysis 
 Inductively coupled plasma- optical emission spectroscopy (ICP-OES) is a 
valuable technique to analyze the elements present in the samples [11]. In the course of 
measurement, first the powder sample is dissolved either in an acid (like HNO3) or aqua 
regia and then mixed with water before being fed into the plasma. The plasma consists of 
a hot, partially ionized gas, containing an abundant concentration of cations and electrons 
that make the plasma a conductor. In case of ICP-OES, the UV and visible spectrometry 
are being used to image the plasma at the exact wavelength of ionic excitation of the 
element of interest. In the present work, ICP-OES system (Perkin Elmer Dual-View 
Optima 5300 DV) was used. The samples were dissolved in an acid mixture using 
Milestone microwave laboratory system for the analysis. 
II.3.7. Density measurement 
 The density of the polycrystalline sample is measured both in powder and pellet 
form based on the Archimedes principle of fluid displacement [12, 13]. In this 
experiment, He- gas is used as the fluid and the mass of the displaced He- gas by the 
sample is measured by using the Pycnometer, Accupyc 1330 (Micromeritics, USA). At 
least, 20-30 runs are performed for one sample and the observed experimental density is 
an averaged value. The pycnometer is calibrated with standards. The observed densities 
are compared with the theoretical density, calculated from the XRD data. 
II.3.8. BET surface area measurement 
 The BET- method is a well known technique to measure the surface area of the 
amorphous/ polycrystalline powders and this method was first proposed by Braunauer, 
Emmett and Teller. The principle is based on the physisorption of gas species on the 
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surface of the sample [12, 13]. The adsorbed gas molecules are free to move around the 
surface of the sample and form a thin (mono) layer covering the surface when more and 
more gas species are introduced. The volume of the gas species are measured at the 
boiling point of the N2. The amount of the adsorbed gas species gives an approximate 
number of molecules (Nm) required to cover the surface of the sample with a monolayer 
of adsorbed molecules. Thus, multiplying Nm by the cross-sectional area of an adsorbate 
molecule gives the surface area of the sample. Here, N2 is used as the adsorbate gas. In 
the present work, Micromeritics Tristar 3000 (USA) apparatus was used for BET surface 
area measurement. 
II.3.9. Fabrication of Li-ion coin cells 
 The electrochemical properties of the materials were studied in the form of coin 
cells consisting of metal oxides/ nitrides as active material. The various steps adopted to 
fabricate the coin cells are described below. 
II.3.9.1. Preparation of composite electrode 
 In order to prepare the composite electrode material, the powder of active material 
is mixed with the supper P carbon black (MMM, Ensaco), which is an electronically 
conducting additive and the Kynar 2801 (Vinylidene fluoride- hexafluoro propylene) 
polymer as binder in the weight ratio of 75-15-15. The polymer binder helps the coating 
to adhere the current collector. The N-methyl pyrrolidinone (NMP, Merck) is used as the 
solvent for the Kynar binder to prepare the slurry. The thick and uniform slurry is coated 
onto the etched Cu- foil (15 μm thick, Alpha Industries Co. Ltd., Japan) of ~15 µm 
thickness by doctor blade technique. The Cu- foil is used as the current collector due to 
its excellent electronic conductivity and inability to form alloy with Li. The thick coated 
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film is dried in an air oven at ~80oC for 12 h to evaporate the NMP. The film is pressed 
between the stainless steel twin rollers (Soei Singapore Scientific Quartz Co.) at 2 MPa 
pressure to ensure the good adherence of composite electrode materials to the current 
collector. The thick film is then cut in to circular discs of 16 mm diameter and dried in a 
vacuum oven at ~70 -80 oC for 12 h and then transferred to glove box for cell fabrication. 
II.3.9.2. Assembly of coin cells 
 The sequence of steps for coin cell fabrication is given in Fig. II.2. The cells are 
fabricated inside the glove box (MBraun, Germany), which maintains 1 ppm of H2O 
and O2.  The coin cells of size 2016 (20 mm diameter; 1.6 mm thickness) are assembled 
from commercial stainless steel cup and lid fitted with plastic ring by pressing with 
crimping unit (Hohsen Corp., Japan). The coin cell contains composite electrode material 
as cathode, Li- metal (Kyokuto Metal Co., Japan) foil cut into disc as anode and glass 
microfiber filter (GF/F) (Whatman Int. Ltd, Maidstone, England) as separator. The 
solution of 1M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl 
carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) is used as electrolyte (The 
physical properties of the solvents EC and DMC are listed in Table II.1). The composite 
electrode is placed at the center of the bottom cup with few drops of the electrolyte. The 
bottom cup is treated as positive (cathode) terminal. This is covered by micro- porous 
separator that is permeable for Li-ions but prevent the short- circuiting between the two 
electrodes. A few drops of electrolyte are again added and circular disc of 13 mm 
diameter and 0.6 mm thick Li- metal is placed on it. To ensure a thorough electronic 
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II.3.10. Electrochemical studies 
 The electrochemical studies on the coin cell are carried out in two different modes, 
such as (i) at constant current (galvanostatic cycling) and (ii) at constant potential rate 
(potentiostatic cycling). 
II.3.10.1. Galvanostatic cycling 
 Galvanostatic cycling is the technique to obtain the voltage – composition 
relationship of an electrochemical cell at a constant current. The voltage of the cell varies 
as a function of the state of discharge/ charge of electrode w.r.t. Li- metal, which is used 
as counter electrode [15, 16].  While performing galvanostatic cycling, the voltage of the 
cell is decreased (during discharge)/ increased (during charge) at a constant current. The 
output result is plotted as a function of voltage vs. time or state of discharge/ charge. The 
information of specific capacity (ability of charge storage per unit weight of active 
material) in terms of mAhg-1 of an electrode can be derived from the voltage- 
composition plot. In the present work, the galvanostatic cycling of the cells is carried out 
at ambient (room) temperature (RT = 25oC) by computer controlled Bitrode multiple 
battery tester (model SCN, Bitrode, USA) for a good number of cycles. The data are 
plotted as a function of voltage vs. discharge/ charge time or the specific capacity.  
 The theoretical specific capacity, also called, gravimetric capacity of an electrode 
material is calculated as follows. Specific capacity (mAhg-1) = ( )nF( Li / 3600M )
1000                                                                                     --- (II.4)      
where F is the Faraday’s constant (96,500 coulombs per gram equiv.), nLi is the number 
of Li-ions (and electrons) involved in the chemical reaction per formula weight of the 
compound and  M is the formula weight (g) of the compound. 
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For example, the theoretical capacity of graphite (C) is calculated as: 
[(965001/6) / (123600)] 1000 = 372 mAhg-1                                                    --- 
(II.5) 
Here, carbon can take 1/6 Li-ion per formula weight to form LiC6 based on intercalation 
mechanism. The specific capacity can also be calculated in mAh cm-3 by knowing the 
density of the electrode material. This is called volumetric capacity. The suitability of the 
electrode material for use in LIBs is evaluated after a comparison of the theoretical and 
experimental specific capacity (both gravimetric and volumetric). 
II.3.10.2. Cyclic voltammetry 
 Cyclic voltammetry (CV) is a commonly used technique for electrochemical 
measurement that gives the qualitative/ quantitative information about the reversibility of 
electrode reaction, redox potential and electrode reaction kinetics [15, 16]. The 
quantitative information of diffusion coefficient of the species, like Li- ion that takes part 
in the electrochemical reactions can be estimated from the CV data. The theoretical 
aspect of CV was first reported by Randles in 1938. The technique involves flow of 
current between the electrodes by varying the potential of the working electrode at a 
constant potential sweep rate (µVs-1) with respect to the counter electrode both in forward 
and reverse direction. The current measured during the voltage sweep is plotted vs. 
voltage and the result is referred to as a cyclic voltammogram. The parameters observed 
from the CV are the peak potentials, i.e. both anodic and cathodic potential (Ea and Ec ) 
and the corresponding current (Ia and Ic). When the electron transfer rate in both the 
forward and reverse directions at the electrode is high, the reaction is described as 
reversible, and the cathodic and anodic peaks are separated by a potential of 
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approximately 59/n mV, where n is the number of electrons transferred. The peak current 
is given by the Randles- Sevcik equation: 
1/21/203/25
p vDcA  n102.686I                                                                              --- (II.6)  
where Ip is the peak current in mA, n is the number of electrons taking part in the reaction, 
A is the area of the electrode in cm2, D is the diffusion coefficient (cm2 s-1), c0 is the 
concentration of electroactive species (mol cm-3) and v is the potential sweep rate (Vs-1). 
In the present work, the CV on the coin cells containing composite electrode as 
cathode and Li-metal as counter/ reference  electrode, was carried out at a low potential 
sweep rate of 58 µVs-1 by using the computer controlled MacPile II (Biological, France) 
unit at room temperature. 
II.3.10.3. Electrochemical Impedance Spectroscopy 
 The electrochemical impedance spectroscopy (EIS) is a non-destructive technique, 
which is used to understand the interfacial behavior in electrochemical cell at various 
voltages [17 - 19]. The cell is equilibrated at a fixed voltage for 2-3 h prior to the 
measurement.  The cell impedance is determined in response to a small amplitude (10 
mV) of ac signal superimposed during the measurement. The small perturbation from the 
equilibrium due to the application of ac signal is measured in terms of amplitude and 
phase of the resultant current induced by the applied voltage and gives information of 
overall impedance of the cell. The frequency of the ac signal is varied from high (1 MHz) 
to low (3 mHz) and the characteristic change in cell impedance as a function of frequency 
is studied. The total cell impedance (Z) is a complex number,  
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individual components in the electrochemical cell. The impedance due to the solution 
(electrolyte) is represented by the resistor, whereas the semicircle is represented by the 
parallel combination of resistor and capacitor. The Nyquist plot and its equivalent circuit 
is shown in Fig. II.4  














Fig. II.4 (a) Nyquist plot of an electrochemical cell with one semicircle and (b) 
Equivalent electrical circuit. Taken from [20]. 
         
   The constant phase element (CPE) is used instead of a pure capacitor, when the 
electrode deviates from its ideal behavior and presents a depressed semicircle (which 
does not touch the X-axis) instead of a perfect semicircle (which touches the X-axis) in 
the Nyquist plot. The impedance due to the CPE is given as Z” = 1/C (iω)-n, where C is 
the capacitance, ω is the applied frequency and n is a number which defines the 
magnitude of deviation from a pure capacitor. For CPE, the value of n is always < 1.  
        In the present study, the Solatron Impedance/gain-Phase Analyzer (SI 1260)(UK) 
coupled with a battery Test Unit (1286) (UK) was used. An ac signal with an amplitude 








from 0.18 MHz to 3 mHz. The data acquisition and analysis were carried out using Z-plot 
and Z-view software (Version 2.2, Scribner Associates Inc., USA). 
II.3.10.3.1. Determination of Li- ion diffusion coefficient from EIS 
              The Li-ion diffusion coefficient (DLi+) of polycrystalline and thin film electrode 
can be derived at different charge- discharge voltages from the detailed analysis of 
impedance spectra (Nyquist plots) [19, 21-23]. The DLi+ can be calculated from formula,    
                                      DLi+ = π fL L2                                                                      --- (II.8) 
where fL is the limiting frequency determined from the impedance spectrum where the 
Warburg region (a straight line with a slope ~ 45o from the real axis in the Nyquist plot) 
gives way to a vertical line, ≥ 80o. Generally, the fL is realized at low- frequency region. 
The L is the maximum diffusion length for the Li-ions in the active material in the 
electrode. As a first approximation, L is the particle size or crystallite size in nanometer 
range. The latter can be estimated from the XRD and TEM data on the material. In the 
case of thin- film, the thickness is taken as the value of L. In the present work, EIS was 
used to estimate DLi+ at various voltages of selected nanometer- size oxides. There are 
many other (and more accurate) methods for obtaining the DLi+ of the electrode materials, 
like galvanostatic intermittent titration technique (GITT), potentiostatic intermittent 
titration technique (PITT), CV and DC polarization [23]. The GITT is considered to be 
















                                                           --- (II.9)           
where Vm is the molar volume of the electrode material, F is the Faraday constant, A is 
the electrode area, Aw is the Warburg coefficient obtained from the Warburg region of the 
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Nyquist plot. The (dE/dx) is the change in the voltage of the cell due to the change in the 
Li- content (x) which is obtained by passing a known quantity of current and stabilize the 
voltage to its equilibrium value. The process is repeated to cover the entire range of 
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Carbothermal synthesis, spectral and magnetic characterization and Li- cyclability 
of the Mo- cluster compounds, LiYMo3O8, LiHoMo3O8 and A2Mo3O8 (A = Mn, Co, 
Zn)* 
Abstract  
        The molybdenum cluster compounds, LiYMo3O8, LiHoMo3O8 and A2Mo3O8 (A = 
Mn, Co, Zn) are prepared by the carbothermal reduction method and characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), high resolution 
transmission microscopy (HR-TEM), selected area electron diffraction (SAED), fourier 
transform infrared spectroscopy (FT-IR) and Raman techniques. The FT-IR at ambient 
temperature (RT), and Raman spectra at various temperatures (78-450 K) of LiYMo3O8 
and Mn2Mo3O8 are reported for the first time and results are interpreted. Magnetic studies 
on Mn2Mo3O8 in the temperature range, 10-350 K confirm that it is ferrimagnetic, with 
TC = 39 K. Magnetic hysteresis and magnetization data at various fields and temperatures 
are presented. The Li- cyclability is investigated by galvanostatic cycling in the voltage 
range, 0.005-3.0 V vs. Li at 30mAg-1 (60 mAg-1). At 30 mAhg-1, LiYMo3O8 and 
LiHoMo3O8 show a total first-discharge capacity of 305 and 275 (±5) mAhg-1, 
respectively whereas the first-charge capacity is only 180 mAhg-1 for both at room 
temperature (RT). However, both values increased systematically with an increase in the 
cycle number and yielded a reversible capacity of 385 and 290 (±5) mAhg-1 at the end of 
120th and 70th cycle, respectively.  The Li-cyclability behavior of A2Mo3O8 is entirely 
different from that of LiY(/Ho)Mo3O8. The total first-discharge and charge capacities for 
A = Mn at 30 mAg-1 are 710 (±5) and 565 (±5) mAhg-1. For A = Zn and Co at 60 mAg-1 
                                                 
* Two papers have been published and two papers were presented at two Intl. 
Conferences based on the work described in this Chapter. 
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the corresponding values are 775 and 1250(±5) mAhg-1 (first- discharge capacity) and 
350 and 900 (±5) mAhg-1 (first- charge capacity). The coulombic efficiency of all the 
compounds ranges from 94-96%. Plausible reaction mechanisms are proposed and 
discussed based on the galavanostatic cycling, cyclic voltammetry, ex-situ -XRD, ex-situ 
-TEM and impedance spectral data. 
III. 1. Introduction 
Binary and ternary transition metal oxides are of interest as prospective anode 
materials to replace the graphite anode in the present day lithium ion batteries (LIBs). 
Fairly high reversible capacities are obtained by the formation and decomposition of Li2O 
by the redox (‘conversion’) reaction [1-5]. Optimization of the Li- cycling behavior has 
been possible by employing nano-size particles of the oxides, modifying their 
morphology, adjusting the composition and by using the ‘matrix’ elements which are 
either electrochemically active or inactive. Some of the metal oxides well-studied are, 
nano-sized MO, M= Fe, Co, Ni, Cu [6], Fe3O4 [7], Co3O4 [8, 9], Fe2O3 [10], Cr2O3 [11, 
12], and ZnCo2O4 [13]. In addition to the metal oxides, conversion reactions with Li 
involving transition metal fluorides [14] and oxyfluorides [15] have also been studied.  
Molybdenum (Mo) containing mixed oxides have received attention as possible 
negative electrodes for use in LIBs. This is due to the ability of the above metal ion to 
exist in several oxidation states in oxides, ranging from 3+ to 6+ and reversibly reacting 
with Li. Further, the high density of Mo-oxides can give rise to higher volumetric energy 
density of the electrode as compared to the graphite. The compounds of the type 
Na0.23MoO3 [16, 17], Mn1-x(V1-xMox)2O6 (x = 0 and 0.4) [18,19] and solid solutions, 
SnO2-MoO2[20] have been investigated. Other Mo- containing oxides studied are 
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MnMoO4 [21], CaMoO4 [22], MMoO4, M= Cu, Zn, Ni, Fe [23], and recently MoO2 [24] 
and (VO)MoO4 [25]. 
Li(Y/Ho)Mo3O8 and A2Mo3O8 (A = Mn, Zn, Co) are examples of a large number 
isostructural hexagonal layer-type compounds in which the Mo-ions and (Li, Y/Ho) and 
(Mn / Zn / Co) -ions occupy the alternate O-ion layers perpendicular to the c-axis [26, 27]. 
The Mo is in 4+ oxidation state and is in an octahedral environment of oxide ions, 
whereas the (Li-, Y/Ho)- ions adopt a tetrahedral and octahedral O-coordination, 
respectively. For A2Mo3O8 (A = Mn, Zn, Co), one of divalent A- ion occupies tetrahedral 
and other in octahedral O- coordination alternatively. The Ho ion can be replaced by 
other rare earth (Ln= SmLu), Sc, Ga or In, to give rise to isostructural compounds [26, 
27]. An unusual feature in all these compounds is the existence of triangular Mo3 –
clusters in which the Mo-Mo distance is less than that of the of Mo-Mo distance in Mo-
metal. Since the two 4d-electrons of each Mo4+ ion are trapped in the Mo-Mo bonds, the 
Mo3 –cluster does not possess a net magnetic moment. The structure of LiYMo3O8 and 
Mn2Mo3O8 are shown in Fig.III.1a, b. These are drawn using the commercial software 
(Material studio company, Japan), assuming the space group, P3m1 for LiYMo3O8 and 
P63mc for Mn2Mo3O8 and the atom positions reported in the literature [27-29]. There are 
two formula units per unit cell in which two bivalent Mn ions adopt the octahedral 
oxygen coordination, whereas the other two bivalent Mn ions adopt the tetrahedral O- 
coordination. All the tetravalent Mo-ions adopt the octahedral oxygen coordination. In 
LiYMo3O8, the Li and Y ions adopt the tetrahedral and octahedral O- coordination, 
respectively and hence, the space group changes to P3m1, even though the structure 
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The mixture was ground in a mechanical grinder for 15 min, and pressed into a pellet. 
The pellet was kept in a carbon crucible (10  2.5 cm) and heated at 750 C for 8 h in 
flowing argon gas inside a tubular furnace (Carbolite, UK) and cooled to room 
temperature. The pellet was ground to a fine powder and stored in a desiccator. The 
compounds, A2Mo3O8 (A = Mn, Zn) were prepared by using stoichiometric mixture of 
MnO2/ZnO (Merck, 99.9%), MoO3 and C and heat treatment as above. However, two 
more steps of regrinding- pelletizing- heat treatment were found to be necessary to obtain 
the pure phase. For the compound A = Co, the stoichiometric amount of pre-synthesized 
CoMoO4 was mixed with C and the above procedure was followed. 
 Powder X-ray Diffraction (XRD) data were collected using Philips X’PERT 
MPD instrument (Cu K radiation) and analyzed to identify the crystal structure. Rietveld 
refinement of the XRD data to obtain the unit cell lattice parameters were carried out by 
using the TOPAS software version 2.1 and atomic positions and space group reported in 
literature. The Brunauer, Emmett and Teller (BET) surface area of the powders was 
measured by using NOVA 3000, USA and the densities were determined by using 
AccuPyc 1330 pycnometer, Micromeritics (USA). The morphology of the powders was 
examined by Scanning Electron Microscopy (SEM) (JEOL JSM-6700F). High 
Resolution Transmission Electron Microscopy (HR-TEM) and Selected Area Electron 
Diffraction (SAED) images were taken by using JEOL JEM 3010 operating at 300 kV. 
Infrared spectra were recorded using IR spectrophotometer (Varian 3100 FT-IR, 
Excalibur series, Canada) and Micro Raman measurements were performed using 514.5 
nm Ar ion LASER, and a triple monochromater system (JY-T64000) attached to a liquid 
N2 cooled charge-coupled device detector. Raman spectra at various temperatures were 
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recorded by using the OXFORD microstat (liquid N2 cooled cryostat). Magnetic 
measurements were carried out using  vibrating sample magnetometer (VSM, Quantum 
Design, USA) which is attached to the physical property measuring system (PPMS, 
Quantum Design, USA) in the temperature range, 350-10K under applied magnetic fields 
up to 5 T. For zero field cooled (ZFC) measurements, the sample was cooled to low 
temperature in the absence of magnetic field and then data were collected in the presence 
of required magnetic field during warming- up of the sample. For field cooled (FC) 
measurements, the sample was cooled to low temperature in the presence of applied 
magnetic field and then data were collected in the same magnetic field during warming. 
Fabrication of the electrodes for electrochemical studies was done using a mixture 
of the following composition: active material, super P carbon black (MMM, Ensaco; 
electronically conducting additive) and polymer binder (Kynar 2801) in the weight ratio 
70:15:15. N-methyl-pyrrolidinone (NMP) was used as the solvent for the binder. The 
homogeneous and viscous slurry obtained after thorough mixing was then cast on to an 
etched Cu-foil (15 μm thick, Alpha Industries Co. Ltd., Japan) to form a thick layer (~15 
μm) by doctor-blade method. The Cu- substrate acts as the current collector. The active 
mass in the electrode is typically 3- 4 mg and geometrical area of the electrode is 2.0 cm2. 
The electrode discs were vacuum dried at 70 oC for 12 h before being transferred into an 
argon filled glove box (MBraun, Germany) for cell assembly. The atmosphere in the 
glove-box was maintained at 1 ppm of H2O and O2. For the coin-cell (size 2016) 
assembly, a glass microfiber filter (GF/F)  (Whatman Int. Ltd, Maidstone, England) was 
used as the separator for the electrodes and the electrolyte used was 1M LiPF6 in ethylene 
carbonate (EC) + diethyl carbonate (DEC) in the ratio of 1:1 volume (Merck). The Li-
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metal foil (Kyokuto Metal Co., Japan) was cut in to circular disc (16 mm diameter) and 
used as the counter electrode. Cyclic voltammetry and galvanostatic cycling tests on the 
coin-cells were conducted at room temperature (24oC) using a potentiostat system (Mac-
pile II, Bio-logic, France) and Bitrode multiple battery tester (Model SCN, Bitrode, USA), 
respectively. The cells were aged for 12 h before testing.  For the ex-situ XRD patterns of 
discharged and cycled electrodes, the cells were disassembled in the glove box, the 
electrodes were recovered, washed with DEC and dried. To avoid exposure to 
air/moisture, the electrodes were covered with paraffin film (American National CanTM) 
and mounted on the X- ray diffractometer. For ex-situ TEM studies the electrode material 
was scraped from the Cu- foil in the glove box and the powder was dispersed in ethanol 
by ultrasonic miller (Transsonic, 660/H, Germany) and deposited on a holey carbon grid. 
For measurements at 50 oC, the cells were kept in a temperature controlled oven (±3 oC). 
Impedance measurements were carried out with the computer controlled Solartron 
Impedance/gain-phase analyzer (model SI 1255) coupled with a computer controlled 
battery test unit (model 1470) at room temperature (RT). The frequency range was varied 
from 0.35 MHz to 3 mHz with ac signal amplitude of 5 mV. The collected data were 
analyzed using Z plot and Z view software (Version 2.2, Scribner associates Inc., USA) 
to obtain the Nyquist plots (Z’ vs. – Z”). 
III.3. Results and Discussion 
 III. 3.1. Structure and morphology 
 Compounds containing the molybdenum in a reduced valency state, like MoO2 
are usually prepared by heating MoO3 at high temperature in a hydrogen atmosphere or 
by heating the mixture of MoO3 and Mo-metal in suitable proportions in evacuated and 
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sealed quartz tubes. In recent years, Barker et al. [30, 31] have been able to prepare MoO2, 
LiMo3+O2 and other Mo-oxides by the high-temperature carbothermal reduction method 
in an inert atmosphere. Presently, this method was adopted to prepare LiYMo3O8, 
LiHoMo3O8 and A2Mo3O8. It must be mentioned however, that further optimization of 
synthesis conditions is necessary, since small amounts of MoO2 were found as an 
impurity in the XRD patterns of all the compounds except for A = Co, in which Co- 
metal impurity was noted. Residual carbon, if any, is not detected by XRD. 
 The LiYMo3O8, LiHoMo3O8 and A2Mo3O8 are black and crystalline compounds. 
The Rietveld refined XRD patterns show the lines characteristic of the hexagonal 
structure (Fig. III. 2). The Rietveld refined lattice parameters, space groups of all the 
compounds are given in Table III.1. The evaluated values are in good agreement with the 
reported values in literature for all the compounds. From the XRD data, the MoO2 









































































































































Fig.III.2. Rietveld refined X-ray diffraction pattern of (a) LiYMo3O8, (b) Mn2Mo3O8, (c) 
Zn2Mo3O8 and (d) Co2Mo3O8. Miller indices (hkl) are shown. Symbols represent 
experimental data and continuous line represents the refined data.  The difference pattern 
and positions of reflections (vertical lines) of LiYMo3O8 and A2Mo3O8 and lines due to 
MoO2, Co (impurities) are also shown.  
 
(Cu K- radn.) 
(Cu K- radn.) 
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Table III. 1 Crystal lattice parameters, space groups and reported values with JCPDS 
card no. for LiYMo3O8, LiHoMo3O8 and A2Mo3O8.  
 
The measured BET surface area of LiYMo3O8 and Mn2Mo3O8 are 4.1 and 4.6 m2/g, 
respectively. The experimental densities of LiYMo3O8 and Mn2Mo3O8 are 5.451 g/cm3 
and 5.741 g/cm3, respectively and compare well with the calculated X-ray densities of 
5.68 g/cm3 and 5.85 g/cm3. The SEM photographs of all the compounds showed the 
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Fig. III.3. SEM micrographs of (a) LiHoMo3O8, (b) LiYMo3O8, (c) Mn2Mo3O8, (d) 




























































 and the Mi
o3O8, (b) L

















III.3.2. Infrared and Raman spectra of LiYMo3O8 and Mn2Mo3O8 
 The infrared (IR) and Raman spectra of the Mo3- cluster compounds have not 
been reported in the literature. The Fourier transform infrared (FT-IR) spectra of 
LiYMo3O8 and Mn2Mo3O8 at ambient temperature in the transmission mode in the range, 
400-1400 cm-1 are shown in Fig. III. 5. The relative intensities are normalized for better 
comparison and the band positions are accurate to ±3 cm-1. The spectrum of LiYMo3O8 
shows well-defined bands at 723, 526, 474 and 447 cm-1. Minor low-intensity bands at 
841, 805 and 630 cm-1, and two shoulder bands at ~560 and ~430 cm-1 are also seen. The 
IR spectrum of Mn2Mo3O8 bears good resemblance to that of LiYMo3O8, as can be 
expected, but shows minor shifts in the positions of the main high-intensity bands due to 
the replacement of Li and Y ions by Mn. Thus, the well-defined high- intensity bands in 
Mn2Mo3O8 now appear at 733, 522, 484 and 454 cm-1 and the low- intensity bands at 838 
and 636 cm-1. In addition, two medium-intensity bands are also seen at 798 and 561 cm-1 
in Mn2Mo3O8 which were either low-intensity or shoulder bands in the spectrum of 
LiYMo3O8 (Fig. III.5). 
               From group theoretical considerations, we can expect nine IR -active modes of 
symmetry, (3A1 + 6E1) in both LiYMo3O8 and Mn2Mo3O8. The observed spectra indeed 
show many of the expected IR-bands. The bands in the region of 725-735 cm-1 must be 
due to the stretching vibrations involving Mo-O bonds in these cluster compounds, 
whereas those in the region of 445-560 cm-1 must be due to Y-O/ Mn-O stretching and 
bending vibrations. The Li-O stretching vibrations are expected below 300 cm-1, and thus 
not seen in the present study. It may be noted that a detailed factor group analysis and 
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temperature variation of the IR spectra, preferably on single crystals, are needed for a 











Fig. III. 5. The FT- IR spectra of LiYMo3O8 and Mn2Mo3O8 recorded at room 
temperature. The numbers refer to band positions in cm-1. 
 
    Raman scattering technique is a useful tool to non- destructively probe the lattice 
vibrational modes of metal oxides. The Raman peaks can also be correlated to the 
dielectric properties of ternary oxides. Presently, the temperature dependent Raman 
spectra on LiYMo3O8 and Mn2Mo3O8 are reported for the first- time (Fig. III.6). The 
relative intensities are normalized for better comparison and the band positions are 
accurate to ±3 cm-1. Several first-order Raman active modes are expected from the Mo3-
cluster compounds under visible Raman excitation. For crystalline LiYMo3O8 (sp.gr., 
P3m1), maximum nine Raman- active modes (3A1+ 6E) are allowed under group- theory 
selection rules, whereas for crystalline Mn2Mo3O8 (sp.gr., P63mc), maximum 15 Raman- 
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active modes (3A1+ 6E1 +6E2 ) are allowed. However, due to lack of data on single 
crystals, it is difficult to carry out a detailed group theoretical analysis and assignment of 
peaks to particular phonon mode of a given symmetry. Furthermore, polycrystalline 
compounds do not obey Raman polarization selection rules, since the directions of the 

















Fig.III.6. Raman spectra at various temperatures (78 – 450 K): (a) LiYMo3O8 and (b) 
Mn2Mo3O8. The numbers refer to band positions in cm-1. 
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The spectra in Fig. III.6 show first- order peaks within 100- 600 cm-1 along with 
some combinational or higher order modes in the range of 800- 1000 cm-1. It may be 
noted that due to lattice disorder- induced broadening, only few Raman bands are 
prominent. The Raman line broadening can occur due to the doping/ alloying- induced 
compositional fluctuations arising from a random distribution of ions in the lattice.  
However, in the present case of LiYMo3O8 and Mn2Mo3O8, there is no structural disorder 
since all the cations occupy specific crystallographic positions, as discussed earlier 
(Fig.III.1). Since a selected Raman mode frequency is related to the force constant and 
the reduced mass of the compound, the observed peaks due to the selected lattice modes 
below 450 cm-1 are due to the different crystal symmetries and the differences in the 
masses of (Li,Y) vs. Mn ions in the two compounds.  
The spectrum of LiYMo3O8 at 78 K clearly shows peaks at 215, 280, 360 and 420 
cm-1 of which the latter peak has the highest relative intensity. In addition, low intensity 
peaks are noted at 270, 440 and 470 cm-1 (Fig.III.6a). Thus, only seven modes are 
observed out of the nine expected Raman modes. With an increase in the temperature (T), 
the low-intensity peaks gradually disappear, and there is a decrease in the relative 
intensity of the main peaks along with some peak-broadening, as expected. But, no new 
peaks appear till 300 K is reached, where an additional low intensity peak at ~195 cm-1 is 
observed. Also, no higher-order combinational modes are seen till 300 K. The spectra in 
the range, 350-450 K clearly show that with an increase in T, the peak at ~195 cm-1 grows 
in intensity, the peak at 360 cm-1 is broadened and shifted to ~ 340 cm-1 and grows in 
intensity, whereas the 420 cm-1 peak intensity drastically decreases. Also, at T=350 K, 
the higher-order combinational modes are seen at ~820 and ~960 cm-1, whose intensity 
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increases with an increase in T. It is to be noted that the new peak at ~195 cm-1 seen at T 
350 K may be due to a specific Li-O vibration, enabled due to a minor structural phase 
transition to a different crystal symmetry in LiYMo3O8.  More detailed studies, especially 
on single crystals, are needed to clarify this aspect. 
        The Raman spectrum of Mn2Mo3O8 at 78 K shows peaks at 210, 260, 325, 360 and 
425 cm-1 of moderate relative intensity. In addition, two low-intensity peaks are noted at 
around 185 and 195 cm-1 (Fig.III.6b). Thus, only seven of the expected 15 Raman modes 
are observed in Mn2Mo3O8. It may be noted that the 360 and 425 cm-1 bands are also seen 
in the spectra of LiYMo3O8 (viz., at 360 and 420 cm-1), and thus possibly represent the 
(O-(Mo-Mo)cluster-O) and (Mo-O-Mo) bending vibrations. The peaks at and below 325 
cm-1 might be due to the Mn-O bending vibrations, of the MnO4-tetrahedra and MnO6-
octahedra in the structure. Unlike the case of LiYMo3O8, the higher-order combinational 
modes are seen in Mn2Mo3O8 even at 78 K, at 815, 870 and 920 cm-1, the latter peak 
having a high relative-intensity. With an increase in the temperature, no new peaks 
appear and the relative-intensity of all the peaks with the wave number, ω ≤ 425 cm-1 
remains almost the same in the T-range, 78-350 K. However, there is a decrease in the 
relative intensity of the main peaks along with some peak-broadening in the spectra at 
400 and 450 K. Also, the intensities of all the higher-order combinational modes show a 
systematic increase with an increase in the temperature from 78-to-350 K, above which 
temperature, a decrease in intensity is clearly seen in the spectra at 400 and 450 K 
(Fig.III.6b). From the Raman spectral data it may be concluded that there are no phase 
transformations in Mn2Mo3O8 in the T-range, 78-450 K. 
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III.3.3. Magnetic properties of Mn2Mo3O8 
 Many years ago, magnetic studies on Mn2Mo3O8 were carried out on single 
crystals [32, 33, 34] and on polycrystalline powders [35] prepared by reactions in sealed 
silica tubes. Results showed that the compound exhibits strongly anisotropic magnetic 
behavior, as expected of the compound with a layer structure, and at low temperatures, it 
orders ferrimagnetically with a Curie temperature, TC = 41.5 K. It is known that in 
Mn2Mo3O8, the two magnetic ions (Mn2+) occupy tetrahedral and octahedral sites in the 
structure, and thus there are two magnetic sublattices, the interactions in each being 
ferromagnetic [32]. The magnetic field dependence below TC showed that the moments 
are parallel to the crystallographic c-axis, but the value of spontaneous magnetization (Ms) 
was small at liq. He-temperatures, and interestingly it was found that, Ms0 as T0 K, 
an unusual behavior of a magnetic oxide system. This showed that the ferrimagnetic 
order in Mn2Mo3O8 arises mainly due to the Mn-ions, whereas the Mo4+ ions do not carry 
any magnetic moment, possibly due to the trapping of the 4d2 -electrons in the strong Mo-
Mo bonds in the structure.   
The magnetic behavior of Mn2Mo3O8 presently studied is shown in Fig. III.7a in 
the form of temperature (T) dependent magnetization data collected while cooling the 
sample under 1 kOe applied field. A paramagnetic behavior from 300 K to 50 K is seen 
followed by a strong peak at 39 K corresponding to the TC. This value matches well with 
the reported TC  of  41.5 K on single crystal as well as on polycrystalline samples [32,35]. 
The inverse magnetic susceptibility () as a function of T is well fitted to Curie-Weiss 
law (-1 = (T - θ) / C) above TC, shown in the inset of Fig. III.7a. The fitted value of θ 
(paramagnetic Curie temperature) is -255 K and C, the Curie constant is 16.5 emu K/mol.  
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Fig. III.7. (a) Temperature dependent magnetization of Mn2Mo3O8 at 1kOe applied 
magnetic field. The inset shows inverse magnetic susceptibility as a function of 
temperature and Curie- Weiss law fit to data. (b) Magnetic field dependent magnetization 
hysteresis loop at T = 20 and 50 K. The arrow shows the loop at 50 K which has 
minimum coerceive field. 
 
From this, the effective magnetic moment (eff) is calculated from the equation, eff  = 
(2.828 C) B, where B is Bohr magneton. Since there are two Mn-ions in one formula 
unit of Mn2Mo3O8, the eff  per Mn ion is 5.74B. This value agrees within 3% with the 
spin-only value for Mn2+ ion, viz., 5.92 B. It is pertinent to compare the corresponding 
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value reported for Mn2Mo3O8 by McAlister and Strobel [32]. They found anisotropic eff  
c and eff c values of 6.6 B and 7.4 B, for measurement with Hc and Hc axes, 
respectively. Thus, the expected eff for the polycrystalline compound of Mn2Mo3O8 will 
be 6.87 B, which is 16% higher than the spin-only value.  It must be mentioned that the 
impurity of 7.2 wt. % MoO2 and disordered carbon, if any, present in the Mn2Mo3O8 do 
not affect the above magnetic behavior. This is because both disordered  carbon [36]  and 
MoO2 [37] show T-independent weak (Pauli- type) paramagnetism whose magnetic 
moments, in the 50-300 K range, are two orders of magnitude smaller than that measured 
for Mn2Mo3O8 (~0.1 emu/g; Fig.III.7a). The presence of MnO, if any, also will not have 
any effect since it is known to be antiferromagnetic with a Neel temperature, TN =118 K 
[38], and we did not see an indication of that in the 1/-T plot (Fig. III.7a, inset). 
The isothermal magnetization at different temperatures (T= 10, 20, 30, 40 and 50 
K) up to a maximum field of 50 kOe has been measured. For clarity, the M-H hysteresis 
loops only at T= 20 K and 50 K are shown in Fig.III.7b. The M-H plot at T ≥ 50 K is 
linear without hysteresis up to the highest applied field, whereas the hysteresis loop 
develops below 40 K.  However, the magnetization at T = 20 K does not saturate even at 
50 kOe. A small remnant magnetization (= 262 emu/mol) and a large coercive field (HC = 
5.9 kOe) is seen at T= 20 K.  Strangely, the hysteresis loop does close only for H > 30 
kOe > Hc.  The possible Mn-O impurities like MnO, Mn3O4 contributing to hysteresis 
loop is ruled out. Since, MnO is antiferromagnetic with TN = 118 K, the possible 
contribution to hysteresis from MnO is avoided. Another possibility could be Mn3O4, 
which shows ferrimagnetic behavior at Tc = 42 K. Since, the compound was prepared by 
carbothermal reduction method at 750 oC, Mn3O4 cann’t exist in these conditions. Hence, 
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it is clear that the hysteresis is due to the cluster compound, Mn2Mo3O8. From M-H loops 
measured at different temperatures, the coercive field (HC) and the magnetization at 50 
kOe have been evaluated (Fig.III.8a). As can be seen, the HC initially increases with 
lowering of temperature below 40 K, shows a peak at T= 20 K and then decreases. It is 
difficult to understand this behavior but it is possibly due to change in magnetic domain 
structure or domain wall pinning. The magnetization at 50 kOe does not increase, but 
decreases, below TC. This behavior indicates that the magnetic anisotropy is probably 
strong in this material and the applied field of 50 kOe is unable to destroy the 
ferrimagnetic order completely. A strong magnetic anisotropy also leads to difference in 
zero field cooled (ZFC) and field cooled (FC) magnetization as shown in Fig. III.8b. As 
is clear, the FC- magnetization decreases up on lowering the temperature below 40 K and 
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Fig.III.8. Magnetization data on Mn2Mo3O8. (a) Temperature dependent coerceive 
magnetic field (Hc) (left hand scale) and magnetization at 50 kOe (right hand scale). (b) 
Temperature dependent zero field cooled (ZFC) and field cooled (FC) magnetization 
under different magnetic fields. The inflexion point (arrow) refers to the TC. 
III.3.4. Electrochemical properties 
III. 3.4.1. Li- cycling behavior of LiYMo3O8 and LiHoMo3O8 
III.3.4.1.1. Galvanostatic cycling of LiYMo3O8 
Fig. III.9a-c show the voltage vs. capacity profiles of LiYMo3O8 at the ambient 
temperature (24oC) and 50 oC. The galavanostatic cycling was carried out at a current 
density of 30 mAg-1 (0.08 C rate), in the voltage window of 0.005 - 3.0 V vs. Li. For 
LiYMo3O8, the cycling was carried out up to 120 and 60 cycles at 24 oC and 50 oC, 
respectively. The cells showed an open circuit voltage (OCV) 2.6 V. The first-discharge 
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curve of LiYMo3O8 corresponding to the reaction with Li at 24 oC showed minor voltage 
plateau 1.6 V and large plateau region at ~1.0 V extending up to a capacity of 170 
(±5)mAhg-1 (consumption of 3.2 moles of Li per mole of LiYMo3O8) (Fig. III.9 a). The 
existence of plateau is indicative of the two-phase region. In the range, 1.0 – 0.005 V, the 
profile shows a continuous decrease, indicating a single phase reaction. At the end of 
first-discharge cycle, the capacity is 305 (±5) mAhg-1 (5.82 moles of Li per mole of 
LiYMo3O8) (Fig. III.9a).   
During the first-charge cycle (Li-extraction), fairly large voltage plateau is seen at 
1.0 V, which coincides with that observed during the discharge-cycle. In addition, small 
but distinct voltage plateaux are seen at 1.4, 1.7 and 2.2 V for LiYMo3O8 (Fig. III.9a). 
However, except for the 1.0 V and 2.2. V plateaus, the capacity associated with the 1.4 









































































Fig. III.9. Galvanostatic charge-discharge curves. LiYMo3O8 (at 24 0C): (a) 1-20 cycles; 
(b) 30-120 cycles.  At 50 oC: (c) LiYMo3O8; 1-60 cycles. The numbers indicate cycle 
number. Voltage range, 0.005-3.0 V vs. Li, at a current rate of 30 mAg-1 (0.08C).  
 
The total first-charge capacities are 180 (±5) mAhg-1 (3.43 moles of Li per mole of 
LiYMo3O8). The irreversible capacity loss (ICL) during the first discharge – charge cycle 
is 2.39 moles of Li for LiYMo3O8. During the 2 to 20 cycles, the charge and discharge 
profiles follow a similar pattern to that of the first cycle. However, the width of the 1 V-
plateau region during discharge as well as the charge operation decreases with an 
increase in the cycle number. In the range 25-120 cycles, there is a qualitative change in 
the voltage – capacity profiles as shown in Fig. III.9b. The plateau region at ~1 V in the 
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discharge- profile and a broad plateau at ~2.2 V in the charge- profile are only noticeable, 
and all other minor voltage plateaus are eliminated.  
The voltage- capacity curves at 50 oC closely resemble those obtained at 24 oC, 
but higher discharge and charge capacities were obtained. At 50 oC, the first – discharge 
capacities are 410 (±5) mAhg-1 (~7.82 moles of Li), whereas the first- charge capacity is 
267 (±5) mAhg-1 (~5.1 moles of Li) leading to an ICL of 143 (±5) mAhg-1 (2.72 moles of 
Li) for LiYMo3O8 (Fig. III.9c). The ICL noticed at 50 oC is larger than the ICL measured 
at 24 oC. In general, the ICL arises due to intrinsic nature of the oxide material, 
electrolyte decomposition followed by the formation of the solid electrolyte interphase 
(SEI) and the formation of a ‘polymeric film’ covering the nano-sized particles of metal 
or metal-oxide composites under the deep discharge (to 0.005 V vs. Li) conditions [6, 7, 
8, 10, 13].   
The capacity vs. cycle number plots of LiYMo3O8, at 24 and at 50C are shown 
in Fig.III.10. Both the discharge and charge capacities overlap well. The reversible 
capacity of LiYMo3O8 at 24C increases from 200 (±5) mAhg-1 at the 10th cycle to 385 
(±5) mAhg-1 at the end of the 120th . The latter of the two values corresponds to ~7.35 
moles of Li. Assuming that 1C = 385 mAg-1, the current rate of 30 mAg-1 corresponds to 
~0.08 C. The coulombic efficiency (η) reaches 96-98%. For the LiYMo3O8 cycled at 50 
oC, the reversible capacity increases from 300 (±5) mAhg-1 (~5.7 moles of Li) at the 10th 
cycle to 418 (±5) mAhg-1 (8.0 moles of Li) at the end of the 60th. The  is 94-98% in the 
range of 10-60 (40 cycles) cycles. The observed larger reversible capacity of LiYMo3O8 
cycled at 50 oC is due to the better electronic conductivity of the compound, larger ionic 
conductivity of the electrolyte and hence better electrode kinetics in comparison to the 
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performance at 24 oC. Possible reasons for the consistent increase in the reversible 










Fig.III.10. Capacity vs. cycle number plots of Li(Y/Ho)Mo3O8 at 24C and 50C (0.005-
3.0 V; 30 mAg-1). Closed symbol: Discharge capacity; Open symbol: Charge capacity. 
 
III.3.4.1.2. Galvanostatic cycling of LiHoMo3O8 
Galvanostatic charge-discharge cycling profiles of LiHoMo3O8 at 24 oC and 50 oC 
are shown in Fig III.11a-c. The cycling was carried out at a current density of 30 mAg-1, 
in the voltage window, 0.005-3.0V vs. Li up to 70 and 40 cycles at 24 oC and 50 oC, 
respectively. The cells showed an open circuit voltage (OCV) about 2.9 V. The first-
discharge curve (Li-insertion reaction) at 24 oC showed minor voltage plateau 1.51 V 
and a large plateau at ~1.0 Vs followed by a continuous decrease of the voltage up to the 
deep discharge limit, 0.005 V similar to that of LiYMo3O8. As can be seen, the capacity 
up to the end of the ~1 V- plateau region is 120 (±5) mAhg-1 ( ~2.3 moles of Li per mole 


















Fig. III.11. Galvanostatic charge-discharge curves. LiHoMo3O8 (at 24 0C): (a) 1-10 
cycles; (b) 30-70 cycles. At 50 oC: (c) LiHoMo3O8; 1-40 cycles. The numbers indicate 
cycle number. Voltage range, 0.005-3.0 V vs. Li, at a current rate of 30 mAg-1 (0.1C).  
 
During the first –charge cycle (Li-extraction) the voltage plateau regions at 1.0, 
1.4, 1.7 and 2.2 V are clearly seen, as noticed in the case of LiYMo3O8. However, except 
for the 1.0V and 2.2V voltage plateaus, the capacities associated with the 1.4V and 1.7V 
plateau regions are small (≤ 20 mAhg-1). The total first-charge capacity is 180 (±5) 
mAhg-1 (~3.5 moles of Li). Thus, the irreversible capacity loss (ICL) during the first 
discharge – charge cycle is ~1.8 moles of Li. During the 2-20 cycles, the charge and 
discharge profiles follow a similar pattern with the voltage plateau regions clearly 
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reproduced as in the first cycle. However, the width of the 1 V-plateau region during 
discharge and charge operation decreases with an increase in the cycle number. The 
reversible capacities show an increasing trend from 180 (±5) mAhg-1. In the range 25-70 
cycles, there is a qualitative change in the profiles as shown in Fig. III.11b. The plateau 
region at ~1 V in the discharge- profiles and at ~2.2 V in the charge- profiles are only 
noticeable and all other minor voltage plateaus are eliminated. The capacity vs. cycle 
number plot (Fig. III.10) shows that the reversible capacity increases and reaches 290(±5) 
mAhg-1 (5.6 moles of Li) at the end of 70 cycles. Assuming that 1C = 290 mAg-1, the 
current rate corresponds to ~0.1 C. The couloumbic efficiency (η) reaches 96-98 %.  
Voltage vs. capacity profiles of LiHoMo3O8 recorded at 50 oC up to 40 cycles are 
shown in Fig.III.11c. The observed voltage plateaus during cycling are similar to those 
encountered at 24oC in the range 1-10 cycles. The first – discharge capacity is 480 (±5) 
mAhg-1 (9.2 moles of Li), whereas the first – charge capacity is 315 (±5) mAhg-1 (6.03 
moles of Li ) leading to an ICL of 165 mAhg-1 which is larger than the ICL measured at 
24 oC. From Fig. III.10, it is clear that the reversible capacity continuously increases with 
the cycle number and reaches 470 (± 5) mAhg-1 (9.1 moles of Li) at the end of 40 cycles 
and almost matches with the first discharge capacity (9.2 moles of Li). The current rate of 
30 mAg-1 corresponds to ~0.06 C assuming that 1C = 470 mAg1. The couloumbic 
efficiency () is 92-96% in the range of 12-40 cycles.   
III. 3.4.1.3. Cyclic voltammetry of LiYMo3O8 and LiHoMo3O8  
Cyclic voltammograms (CV) were recorded on cells with LiYMo3O8 and 
LiHoMo3O8 as the cathode at the slow scan rate of 58 Vs-1, in the range 0.005-3.0 V, at 
24 oC. The counter and reference electrode was Li-metal. During the first- cathodic scan 
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(reaction of LiYMo3O8 with Li), which started from OCV ~2.6 V, low intensity peaks are 
observed at 1.52 V, 1.34 V and 1.24 V (Fig.III.12a). In addition, an intense cathodic 
current peak, at 0.81 V with an onset at ~ 1.0 V appears followed by a shoulder peak at 
0.69 V. During the first anodic scan (Li extraction), the CV shows a peak at 1.0 V 
preceded by a minor shoulder at 0.92 V. At higher potentials, three low intensity peaks 
are seen at 1.44, 1.71 and 2.20 V (Fig. III.12a). 
 The second cathodic scan of LiYMo3O8 slightly differs from the first cathodic 
scan. A low intensity split peak at 1.61 V and a well-defined peak at 0.88 V are clearly 
seen. The second cathodic and anodic peaks overlap well showing good reversibility. The 
hysteresis between the main cathodic and anodic potentials (at ~1 V) is fairly small, 
ΔV~0.12 V. The CVs overlap well up to the 10th cycle, and for clarity, the 5th cycle CV is 
shown in Fig. III.12b. The peaks in CV are the indication of existence of two-phase 
reaction and /or phase transformation occurring in the active material during cycling. As 
can be expected, the shape of the CV as well as the peak potentials in Figs.III.12a,b agree 
very well with the differential capacity (dQ/dV) vs. V plots extracted from the 
galvanostatic capacity vs. voltage profiles (of Fig. III.9 a, b).  These are shown in Figs. 
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Fig. III.12. Cyclic voltammograms of LiYMo3O8. (a) 1st and 2nd cycle, and (b) 5th cycle.   
Scan rate, 58 Vs-1. Li- metal anode was the counter and reference electrode. Numbers 
represent the potentials in volts. (c) Differential capacity (dQ/dV) vs. Voltage plot 
extracted from the galvanostatic capacity- voltage profiles of Fig.III.9a for the 1st cycle.  
(d) Differential capacity vs. Voltage plot extracted from the galvanostatic capacity- 
voltage profiles of Fig.III.9b for the 30th cycle.  
 
 
The CV-behavior of LiHoMo3O8 is exactly similar to the iso-structural compound 
LiYMo3O8, and is in tune with the galvanostatic cycling properties (Fig. III.13 a, b). This 
is because both are Mo-cluster compounds with a similar crystal structure and differ only 
in terms of the counter ions, Y vs. Ho. During the first- cathodic scan minor peaks at 
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potentials 2.28, 1.72 and 1.51 V are seen followed by the increase of current with an 














Fig. III.13. Cyclic voltammograms of LiHoMo3O8. (a) 1st, 2nd and 10th cycle, and (b) 20th 
and 30th cycle. Scan rate, 58 Vs-1. Li- metal anode was the counter and reference 
electrode. Numbers represent the potentials in volts. (c) Differential capacity (dQ/dV) vs. 
Voltage plot extracted from the galvanostatic capacity- voltage profiles of Fig.III.11a for 
the 1st, 2nd , 10th cycle.  (d) Differential capacity vs. Voltage plot extracted from the 
galvanostatic capacity- voltage profiles of Fig.III.11b for the 20th and 30th cycle.  
 
During the first–charge cycle (anodic) curve a split peak at ~1.0 V is seen followed by 
peaks at 1.44, 1.71 and 2.2 V. The second cathodic sweep slightly differs from the first 
cathodic scan; the 2.28 V peak disappears and split peaks at ~1.6 V and a well-defined 
peak at ~0.90 V are clearly seen. The CVs remain essentially unchanged during the 10th, 
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20th and 30th cycle (Fig.III.13 a, b). The peaks in the CV are an indication of two-phase 
reaction and/or phase transformation taking place in the material during cycling. The 
differential capacity (dQ/dV) vs. voltage plots extracted from the voltage-capacity 
profiles of Fig.III.11a, b are analogous to the CV- profiles and these are shown in 
Fig.III.13c, d. As can be seen, there is very good correspondence between the respective 
peak voltages in both the CV and (dQ/dV) vs. V plots up to 10 cycles. However, there is 
a marked difference in the (dQ/dV) vs. V plots at the 20th and 30th cycle in that the anodic 
peak at ~1.0 V is absent. It is clear from Fig.III.13d that the average discharge-voltage for 
Li - insertion is ~1.1 V and the corresponding charge- voltage for Li- extraction is ~2.2 V.  
III. 3.4.2. Li- cycling behavior of A2Mo3O8 (A = Mn, Zn, Co) 
III. 3.4.2.1. Galvanostatic cycling  
III.3.4.2.1.1. Mn2Mo3O8 
The voltage vs. capacity profiles of Mn2Mo3O8 at the current rate, 30 mAg-1 up to 
50 cycles at 24 oC are shown in Fig.III.14a. The cell showed an OCV of ~3.0 V. The 
first-discharge profile (Li-insertion reaction) for Mn2Mo3O8 showed a rapid decrease in 
voltage with a minor voltage plateau at 0.8 V. This is followed by a continuous decrease 
of the voltage up to ~0.3 V and a capacity of ~140 mAhg-1 is reached. Thereafter, a slow 
and steady decrease of voltage occurs up to the deep discharge limit, 0.005 V. The total 
first-discharge capacity is 710(±5) mAhg-1 (consumption of ~14 moles of Li per formula 
unit of Mn2Mo3O8). The first-charge curve smoothly increases in voltage up to ~1.3 V, 
giving a capacity of ~200 mAhg-1, followed by a broad plateau extending up to ~1.8 V, 
giving an additional ~220 mAhg-1. Thereafter, the voltage rises fairly continuously up to 
the charge limit of 3.0 V. The total first-charge capacity is 565 (±5) mAhg-1 
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corresponding to the extraction of ~11 moles of Li per formula unit. Thus, the ICL is 3 
moles of Li (~145 mAhg-1). During the second discharge, the voltage continuously 
decreases up to ~0.5 V, followed by a large plateau extending up to a capacity of ~ 450 
mAhg-1, and thereafter it decreases smoothly up to 0.005 V. The total second- discharge 
capacity is 560 (±5) mAhg-1 (~11 moles of Li), and matches well with the first-charge 
capacity. The second-charge profile is similar to that of the first-charge profile, and gives 














Fig. III.14. Galvanostatic charge-discharge curves. (a) Mn2Mo3O8; 1-50 cycles,  (b) 
Zn2Mo3O8; 1-50 cycles and (c) Co2Mo3O8; 1-40 cycles. The numbers indicate cycle 
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With an increase in the cycle number, the voltage plateau regions during both discharge 
and charge operations decrease continuously, signifying a continuous loss of capacity as 
is clear in Fig. III.14a. The capacity vs. cycle number plot indicates a drastic capacity-
fading in Mn2Mo3O8 up to about 25 cycles, followed by a smaller decrease in the range 
25-50 cycles (Fig. III.15a). The reversible capacity at the 50th cycle is only 205 (±5) 
mAhg-1 (~ 4 moles of cyclable Li). The coulombic efficiency is ~94-96 % during the first 














Fig. III.15. Capacity vs. cycle number plots. (a) Mn2Mo3O8, (b) Zn2Mo3O8: (I) Bare 
electrode; (II) Electrode heat- treated at 300oC for 12 h in Ar- atm. and (III) Bare 
electrode at 180 mAg-1. (c) Co2Mo3O8 : (I) Bare electrode and (II) Electrode heat- treated 
at 300oC for 12 h in Ar- atm.Voltage range: 0.005- 3.0 V vs. Li. Closed symbol: Disch. 




The galvanostatic discharge- charge cycling of Zn2Mo3O8 was carried out at a 
current density of 60 mAg-1, in the voltage range of 0.005-3.0 V up to 50 cycles at room 
temperature (Fig. III.14b). During the first discharge cycle, the voltage drops from the 
open circuit voltage (OCV ~2.5 V) to ~0.9 V in a smooth fashion which indicates the 
intercalation of Li- ions up to a capacity of ~ 50 mAhg-1 (~ 1.0 Li per formula unit of 
Zn2Mo3O8). This is followed by two different voltage plateaus at 0.7 and 0.4 V, 
indicating a two- phase reaction with a net capacity of 400 (±5) mAhg-1 ( 8.2 moles of Li). 
A sloping region starting from ~0.2 V extends up to the deep discharge of 0.005 V vs. Li. 
The total first- discharge capacity is 775 (±5) mAhg-1 (~15.8 moles of Li) (Fig. III.14b).  
            During the first-charge cycle (Li-extraction), a small voltage plateau is seen at 
1.3 V, followed by a fairly large voltage plateau at ~2.1 V (two-phase reaction; (Fig. 
III.14b)). The total first-charge capacity is 350 (±5) mAhg-1 (~7.1 moles of Li). Thus, the 
irreversible capacity loss (ICL) during the first discharge – charge cycle is 8.7 moles of 
Li. The discharge- charge profiles from 2 - to - 10 cycles behave similarly to that of the 
first cycle. However, the profiles from 10-to-50 cycles are different from the first cycle, 
in that the extent of voltage plateaus noticed at ~1.3 and ~2.1 V in the charge- profile 
decrease with an increase in the cycle number.  
The capacity vs. cycle number plots of Zn2Mo3O8 and the electrode heat- treated 
at 300oC for 12 h in Ar- gas are shown in Fig.III.15b. The reversible capacity of 
Zn2Mo3O8 increases from 350(±5) mAhg-1 (~7.1 moles of Li) at the 2nd cycle to 500 (±5) 
mAhg-1 (~10.2 moles of Li) at the 17th cycle. After this, capacity- fading is noticed and 
reaches 255 (±5) mAhg-1 (~5.2 moles of Li) at the end of 50th cycle. The capacity- fading 
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is 48% in the range of 17-50 cycles. Assuming that 1C = 500 mAg-1, the current rate of 
60 mAg-1 corresponds to 0.12 C. For the heat- treated electrode of Zn2Mo3O8, the 
reversible capacity increases from 390 (±5) mAhg-1 (~8.0 moles of Li) at the 2nd cycle to 
760 (±5) mAhg-1 (15.5 moles of Li) at the end of the 30th cycle. A decrease in capacity 
is noticed in the range 30- 50 cycles (20% drop) and reaches 610(±5) mAhg-1 (~12.4 
moles of Li) at the end of 50th cycle.  
The observed larger reversible capacity of the heat- treated electrode of 
Zn2Mo3O8 is due to the homogeneous distribution of active material in the electrode and 
better inter- particle contact and with the current collector. A similar enhancement of 
reversible capacity and better cycling stability was observed in Fe2O3 by Li et al [39]. At 
a higher current density of 180 mAg-1 (0.36 C), the Zn2Mo3O8 shows a first- discharge 
capacity of 580 (±5) mAhg-1 (~11.8 Li) and first- charge capacity of 260 (±5) mAhg-1 
(~5.3 Li). The reversible capacity increases from 240(±5) mAhg-1 (~4.9Li) at the 7th cycle 
to 415 (±5) mAhg-1 (~8.5 Li) at the end of 45th cycle. A decrease in capacity is noticed 
after 45th cycle and the value reaches 365 (±5) mAhg-1 (~7.4 Li) at the end of 60th cycle 
(Fig. III.15b). In all cases, the coloumbic efficiency is 96-98 %. 
III.3.4.2.1.3. Co2Mo3O8 
The voltage vs. capacity profiles of Co2Mo3O8 at the current rate, 60 mAg-1 up to 
40 cycles are shown in Fig.III.14c. The first-discharge profile (Li-insertion reaction) 
showed a rapid decrease in voltage form OCV (~2.5 V) to 0.8 V, followed by a 
continuous decrease of the voltage up to ~0.25 V. Thereafter, a slow and steady decrease 
of voltage occurs up to the deep discharge limit, 0.005V. The total first-discharge 
capacity is 1250(±5) mAhg-1(~25 moles of Li per mole of Co2Mo3O8). The first-charge 
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curve smoothly increases in voltage up to ~1.5 V, followed by a broad plateau extending 
up to ~1.8 V. Thereafter, the voltage rises fairly continuously up to the charge limit of 3.0 
V. The total first-charge capacity is 900(±5) mAhg-1 (extraction of ~18 moles of Li). 
Thus, the ICL is 7 moles of Li (~350 mAhg-1). During the second discharge, the voltage 
continuously decreases up to ~0.75 V, followed by a large plateau, and thereafter it 
decreases smoothly up to 0.005 V. The total second- discharge capacity is 915 (±5) 
mAhg-1 (18.3 moles of Li), which is almost same as the first- charge capacity thereby 
showing good reversibility. The discharge-charge profiles during 2- 40 cycles are similar 
to that of the first discharge-charge profile, except that the voltage plateau noticed at ~1.8 
V in the first- charge profile slowly disappears with an increase in the cycle number.  
The capacity vs. cycle number plots of the bare and heat- treated (300 oC; 12 h; 
Ar) electrodes of Co2Mo3O8  up to 40 cycles are shown in Fig. III.15c. As can be seen, 
continuous capacity-fading occurs in both cases. For the bare electrode, the reversible 
capacity decreases from 900 (±5) mAhg-1 (~18 moles of Li) at the first- cycle to 425 (±5) 
mAhg-1 (~8.5 moles of Li) at the end of 40th cycle (capacity- fading is 52%), where as for 
the heat- treated electrode the capacity decreases from 950 (±5) mAhg-1 (~19 moles of Li) 
at the first- cycle to 805 (±5) mAhg-1 (~16.1 moles of Li) at the end of 40th cycle 
(capacity- fading is 15%). The coulombic efficiency is 96-98 % for both the cases. 
III. 3.4.2.2.  Cyclic voltammetry   
III. 3.4.2.2.1. Mn2Mo3O8 
The cyclic voltammograms (CVs) of Mn2Mo3O8 in the range 1-28 cycles are 
shown in Figs. III.16a, b. As can be seen, during the first cathodic scan three feeble-
intensity current peaks are observed in the range 1.7-1.25 V, and a medium intensity peak 
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at 0.77 V. This is followed by a large increase in the cathodic current starting at ~0.5 V, 
and extending up to the deep discharge limit, 0.005 V. During the first anodic scan, three 













Fig. III.16. Cyclic voltammograms of Mn2Mo3O8. (a) 1st and 2nd cycle, and (b) 10th, 20th , 
and 28th  cycle.   Scan rate, 58 Vs-1. Li- metal anode was the counter and reference 
electrode. Numbers represent the potentials in volts. (c) Differential capacity (dQ/dV) vs. 
Voltage plot extracted from the galvanostatic capacity- voltage profiles of Fig.III.14a for 
the 1st cycle. (d) Differential capacity vs. Voltage plot extracted from the galvanostatic 
capacity- voltage profiles of Fig. III.14a for the 28th cycle.  
 
 
In the second cathodic scan, the three feeble-intensity current peaks in the range 1.7-1.25 
V are still observed, but the medium intensity peak is now shifted from 0.77 V to 0.39 V 
(Fig.III.16a). On the other hand, the second anodic scan is almost identical to the first 
anodic scan. The CV profiles remain the same for the 10th and 20th cycles. However, as 
can be seen in Fig.III.16b, there is a qualitative change in the CV profile of the 28th cycle 
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in that while the cathodic scan still shows the peak at 0.37 V, but with small intensity, the 
anodic scan shows only a broad and feeble hump in the range, 1.4-1.8 V. Thus, the 
decrease in the area under the cathodic and anodic peaks is an indication of the capacity-
fading. This is also reflected in the differential capacity vs. voltage plots extracted from 
the galvanostatic profiles (Fig.III.14a), shown in Figs.III.16c, d, respectively for the 1st 
and 28th cycle. 
III. 3.4.2.2.2. Zn2Mo3O8 
   The CVs of  Zn2Mo3O8, up to 10 cycles, were recorded at the slow scan rate of 58 
Vs-1, in the range 0.005-3.0 V, at ambient temperature and are shown in Fig.III.17a. 
During the first- cathodic scan (reaction of Zn2Mo3O8 with Li), which started from OCV 
~2.0 V, two medium- intensity peaks are observed at 0.75 V and 0.42 V. This is followed 
by a peak with an onset at ~0.3 V and extending up to the deep discharge limit of 0.005 V. 
During the first anodic scan (Li extraction), the CV shows a low- intensity peak at ~1.2 V 
followed by a peak at 2.04 V (Fig. III.17a). The second cathodic scan of Zn2Mo3O8 
slightly differs from the first cathodic scan, in that there is a peak at ~1.84 V and the peak 
at 0.75 V is absent and the intensity of the peak at 0.42 V increases. The cathodic peak at 
0.42 V is shifted to a higher potential (0.65 V) with an increase in the cycle number. The 
second anodic scan is analogous to the first anodic scan. The CVs of 1-6 cycles overlap 
well showing good reversibility of the system (Fig. III.17a). The hysteresis between the 
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Fig.III.17. Cyclic voltammograms. (a) Zn2Mo3O8; 1-6 cycles. (b) Co2Mo3O8; 1-10 cycles.   
Scan rate is 58 µVs-1. Numbers represent the potentials in volts.  
 
III. 3.4.2.2.3. Co2Mo3O8 
            The CVs of Co2Mo3O8 from 1-10 cycles are shown in Fig. III.17b. During the first 
cathodic scan, a broad intense peak is noticed at 0.68 V, followed by a large increase in 
cathodic current starting at ~0.25 V and extending up to the deep discharge limit, 0.005 V. 
During the first anodic scan, a low- intensity peak at ~1.45 V is noticed, followed by a 
broad and intense peak at ~1.76 V. In the second cathodic scan, a broad peak is seen at 
~1.7 V and the broad peak at 0.68 V observed during the first cathodic scan, is absent and 
a new peak developed at ~0.2 V (Fig. III.17b). On the other hand, the second anodic scan 
is almost identical to the first anodic scan with a slight shift of the anodic peak towards 
higher potential. The CV profiles remain the same for the 2 –10 cycles. However, the 
observed decrease in the area under the cathodic and anodic peaks is an indication of the 
capacity-fading in the system. From Figs. III.17a and b, it is clear that the CV-behavior of 
Co2Mo3O8 differs from that of Zn2Mo3O8, and is in tune with the galvanostatic cycling 
properties, where continuous capacity-fading was noted in the case of Co2Mo3O8. This 
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peculiar behavior of Zn2Mo3O8 and Co2Mo3O8 is some what surprising as both the 
compounds are iso-structural and only differ in terms of different metal cations. We note 
that the CV-behavior and galvanostatic cycling properties of Co2Mo3O8 are similar to the 
iso-structural compound, Mn2Mo3O8.  
III.3.5. Ex-situ XRD  
III.3.5.1. LiYMo3O8 and LiHoMo3O8 
  The XRD patterns of the bare and discharged/charged electrodes to selected 
voltages during the first-discharge, and in the charged-state (at 3.0 V) after the 1st and 
32nd cycle are shown in Fig.III.18 for the LiYMo3O8 and LiHoMo3O8  vs. Li systems. The 
y- axis values are normalized for all patterns except for the bare electrode, Cu- and Al- 
metals, to allow comparison after discharge/ charge at various voltages. As can be seen, 
the lines due to the Cu-foil substrate and Al-sample holder are predominantly noticed. 
However, many lines due to the active material are clearly delineated and the Miller 
indices are shown. 
      From Fig. III.18A, it is clear that the intensities of the lines corresponding to Miller 
indices, (101), (002), (003) and (103) are affected during the discharge/charge reaction 
with Li. Thus, during the first-discharge, at voltage 0.5 V, there is a significant decrease 
in the intensity and /or broadening of the lines, (101) and (002) and disappearance of 
lines (003) and (103). In addition, two new lines appear at 2 =33.8° and 55.0º and grow 
in intensity. In addition, the (001)- peak is split into two peaks, though it is not clearly 
seen in Fig. III.18A due to the overlapped high- intensity peaks at 2 = 17o. This 
indicates the formation of a Li-intercalated phase, Lix(LiYMo3O8), and agrees with the 
voltage plateau observed at ~1 V in the galvanostatic voltage-capacity profile (Fig. III.9a) 
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and a well-defined peak at ~0.8 V in the CV (Fig. III.12a). In the XRD pattern taken after 
discharging to 0.005 V, the lines due to the parent compound are not seen, and the peak at 
2 ~33.8° is slightly broadened and retained. The pattern taken at the end of the 1st 
charge, at 3.0 V, shows lines due to the parent compound, LiYMo3O8 and that of the Li-
intercalated phase (2 =33.8° and 55.0o). The pattern taken after the 32nd charge is similar 
















Fig.III.18. XRD patterns of the cycled electrodes: (A) LiYMo3O8 and (B) LiHoMo3O8.  
Discharge/charge voltages and the cycle number are indicated. Miller indices assigned to 
the peaks are shown. The symbols (,) represent the lines due to Cu-metal (substrate of 
the electrode) and Al –metal (sample holder). MoO2 impurity (+) is also shown. The y- 
axis values are normalized for better comparison at various voltages. 

































































(e) 32ndch.; 3.0 V
(d) 1stch.; 3.0 V
(c)1stdisch.;0.005 V
(b) 1stdisch.; 0.5 V











For LiHoMo3O8, as can be seen in Fig.III.18B, the (001), (101) and (002) peaks in 
the XRD pattern of the bare electrode are split in to doublet peaks in the patterns of the 
electrode recorded after the first-discharge to 0.5 V  and 0.005 V. This can be interpreted 
as due to the coexistence of two phases, a Li-intercalated, Li(1+x)HoMo3O8 with x ≤ 1, and 
the host compound. At first- discharge (0.005 V), it is clear that the intensity of the (001) 
peak is smaller than that of the Li-intercalated phase. The pattern recorded after the first-
charge (3.0 V) shows only the lines due to the host compound and those due to the Li-
intercalated phase are practically absent. Thus, the results show that, contrary to the 
expectations, the host crystal structure is not completely destroyed during the first –
discharge to 0.005 V vs. Li. This is probably due to the highly insulating nature of the 
compound and Li is not able to penetrate completely in to the bulk of the sub-micron size 
particles. 
III.3.5.2. A2Mo3O8 (A = Mn, Co) 
Ex-situ XRD data on the A2Mo3O8 (A = Mn, Co) during the 1st discharge, and in 
the charged-state, at 3.0V, at the end of the 1st cycle are shown in Fig. III.19. The XRD 
patterns of the bare electrode, along with the Miller indices are also shown. It is clear that 
the behavior is completely different from that of the LiYMo3O8-Li system. No additional 
line(s) due to Li-intercalation are evident in the patterns taken at 1.5 V (1.0 V for A = Co) 
and at 0.5 V but only a decrease in intensity and slight broadening of the major lines of 
the parent compounds. On the other hand, the XRD patterns taken at the end of the 1st 
discharge (0.005 V), as well as at the end of the 1st charge (3.0V), are completely devoid 
of lines of the parent compound, A2Mo3O8 indicating complete amorphization (crystal 
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Fig.III.19. XRD patterns of the cycled electrodes: (A) Mn2Mo3O8 and (B)Co2Mo3O8.  
Discharge/charge voltages and the cycle number are indicated. Miller indices assigned to 
the peaks are shown. The symbols (,) represent the lines due to Cu-metal (substrate of 
the electrode) and Al –metal (sample holder) and + represents lines due to MoO2. The y- 
axis values are normalized for better comparison at various voltages. 
 
III.3.6. Ex-situ TEM of LiYMo3O8 and LiHoMo3O8 
 Figs.III.20 a-d show the TEM photographs and HR-TEM lattice images of the 
LiYMo3O8 and LiHoMo3O8 electrode material in the charged-state (3.0V) after the 1st and 
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III.3.7. Li-cycling mechanism 
 As mentioned in the introduction, many binary and ternary Mo-oxides have been 
studied in the literature for the Li-storage and electrochemical cyclability. This is due to 
the fact that molybdenum can adopt several valency states in oxides, and in the ideal case, 
4 moles of Li can be cycled per mole of Mo-ion (Mo0↔Mo4+). The reaction mechanism 
involves the formation/decomposition of an amorphous/nano-phase ’Li-Mo-O’ complex 
[17, 20 – 22, 24]. However, it is known that the amount of reversible capacity and its 
long-term stability towards cycling and (current) rate-capability are determined by the 
crystallite-size (micron or nano-size) and morphology of the starting material, the initial 
crystal structure of the binary/ternary Mo-compound, and the nature and amount of the 
‘matrix’ element with respect to Mo-content (ratio, M/Mo). The M-ion can be either 
electrochemically-active or -inactive towards Li.  
 III.3.7.1. LiYMo3O8-Li system 
 It is known that LiYMo3O8 is diamagnetic and an electronic insulator, due to the 
triangular Mo3- cluster present in it, where all the Mo 4d-electrons, two per Mo4+ ion, are 
trapped to form Mo-Mo bonds. Hence, reactivity towards Li can be expected to be 
sluggish. However, due to the hexagonal layer structure, intercalation by Li in to the 
lattice can be expected, even though to the best of our knowledge, this aspect has not 
been studied in the literature on any of the above Mo3- cluster compounds. Under 
electrochemical deep discharge conditions, usually amorphization of the crystal lattice 
can occur, as happens in the other M-Mo-O systems studied in the literature. Based on 
the observed galavanostatic cycling, CV, and ex-situ XRD/HR-TEM data, and also based 
on the Li-cycling mechanism proposed for Mo-oxides like, NaxMoO3 [17], MnMoO4 [21], 
CaMoO4 [22], the following reaction mechanism can be proposed:  
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LiYMo3O8 +3 Li+ + 3 e-(electrons) ↔ Li3(LiYMo3O8)                                             ---(III.1) 
Li3(LiYMo3O8) + 9 Li+ + 9e- → (½)Y2O3 + 3 Mo0 (metal)+ (6.5) Li2O                   ---(III.2) 
Li3(LiYMo3O8) + 6x Li+ + 6x e- → (½)Y2O3 +3 ‘MoOy’ + (3x+2) Li2O (0<y<1.5; 
(x+y)=1.5)                                                                                                                ---(III.2a) 
3Mo+ 6 Li2O ↔3 MoO2 +12Li+ + 12e-                                                                     ---(III.3) 
3‘MoOy’ + (3x) Li2O ↔3 MoO2 +(6x) Li+ + (6x) e-  ;(x+y)=2.0                            ---(III.3a) 
      Support for the reversible reaction of Eqn.(III.1) comes from the fact that Figs.III.9a 
shows a voltage plateau at ~1.0 V, during both forward and reverse reactions. From the 
voltage vs. capacity profile, it is clear that the voltage plateau ends after the consumption 
of 3.2 moles of Li per mole of LiYMo3O8 (~170 mAh/g) during the first discharge. The 
Mo adopts an effective valency of 3+ in the intercalated compound, Li3(LiYMo3O8). The 
CV data also show the reversible peak at ~1.0 V indicating a two-phase reaction with Li, 
the coexistence of intercalated and virgin phases. Under deep discharge to 0.005 V during 
the first cycle, some of the intercalated product undergoes amorphization, leading to 
either Mo-metal nano-particles (Eqn.(III.2)) or a nano-phase ‘MoOy‘(0<y<1.5; 
Eqn.(III.2a)), embedded in an amorphous matrix composed of Y2O3 and Li2O. Y2O3  will 
not be reduced to Y-metal by Li under the ambient temperature electrochemical 
conditions, due to the large Y-O bond strength [14]. The Eqns. (III.1 and III.2 or III.2a) 
predict that the total first-discharge capacity to be ≤ 12 moles of Li per mole of 
LiYMo3O8, whereas the experimental value at 24°C is only 5.82 moles of Li (Fig.III.9a). 
At 50°C the measured total first-discharge capacity is 7.82 moles of Li. This shows that 
only some of the top layers (a few hundred unit cell lengths) of the active material have 
participated during the first-discharge, possibly due to the highly-insulating nature of the 
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LiYMo3O8. The fact that the ex-situ XRD pattern after the first-discharge shows mainly 
the lines due to the parent compound, and the ex-situ TEM-lattice image after the first-
cycle also shows the parent compound, gives credence to the above argument. 
      The observed total first-charge capacities of the LiYMo3O8 at 24 °C is 3.43 moles of 
Li (180 mAhg-1) (Fig. III.9a), and at 50°C, the value is 5.1 moles (267 mAhg-1) of Li. 
This is contributed by the reverse reactions of Eqns.(III.1 and III.3 or III.3a). With an 
increase in the number of discharge-charge cycles, more and more of the parent 
compound is able to react with Li, resulting in an increase in the observed discharge, as 
well as charge capacities, both at 24 °C and at 50 °C (Figs.III.9a,b and Fig.III.10). It is 
pertinent to mention here that an increase in the reversible capacity with an increase in 
the cycle number has also been observed in other oxide systems, like nano Fe3O4 [7], 
LiMVO4 (M = Ni, Co, Cd, Zn) [40]. Interestingly, after 30-40 cycles, the voltage-capacity 
profiles of LiYMo3O8 undergo a qualitative change in that the voltage plateau at ~1.0 V 
is barely noticeable, and the reversible capacity is contributed mainly by reverse reactions 
of Eqns.(III.3 or III.3a). This means that the intercalated phase underwent almost 
complete amorphization. As can be seen from Figs. III.9a, the average discharge potential 
is ~1 V, whereas the average charge potential is ~2.3 V in LiYMo3O8. It may be pointed 
out that the above potential values are in tune with those measured on other Mo-oxides, 
like MnMoO4 [21], CaMoO4 [22]. A similar Li- cycling mechanism can be given for the 
isostructural LiHoMo3O8. 
III.3.7.2. A2Mo3O8-Li system (A = Mn, Co) 
The compounds, A2Mo3O8 (A = Mn, Co) differ from the iso-structural LiYMo3O8 
and LiHoMo3O8 in that A is a 3d-transition element and Mn2+ ion is paramagnetic, and 
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hence the reactivity towards Li is expected to be different from that of LiYMo3O8 and 
LiHoMo3O8. The observed galavanostatic cycling, CV and ex-situ XRD data show that 
indeed this is the case with the A2Mo3O8-Li system. No Li-intercalation was noticed at 
~1 V, and crystal structure destruction and amorphization occurs during the first-
discharge to 0.005 V vs. Li. The observed total first discharge capacities correspond to 14 
and 25 moles of Li (Fig.III.14a, c), whereas the first- charge capacities are 11 and 18 
moles of Li per mole of Mn2Mo3O8 and Co2Mo3O8, respectively. However, due to drastic 
capacity-fading, only ~4 and 8.5 moles of Li are cyclable at the end of the 50th and 40th  
cycle. 
       Based on the above data, the following reaction mechanism can be proposed at the 
end of the first-discharge: 
Mn2Mo3O8 + 12 Li+ + 12e- → 2 MnO + 3 Mo0 + 6 Li2O                                        ---(III.4) 
Mn2Mo3O8 + 6x Li+ + 6x e- → 2 MnO +3 ‘MoOy’ + (3x) Li2O (0<y<2.0; (x+y)=2.0) 
                                                                                                                               ---(III.4a) 
Co2Mo3O8 + 16 Li+ + 16 e- → 2 Co + 3 Mo0 + 8 Li2O                                          --- (III.5) 
 It is unlikely that under the ambient electrochemical conditions, Mn2+ ion is reduced to 
Mn-metal, because only 14 moles of Li were consumed at the end of the first-discharge 
reaction with Li, instead of the expected 16 moles of Li as  is the case with A = Co (Eqn. 
III.5). Studies on MnMoO4 by Kim et al. [21] and on Mn2SnO4 by Connor and Irvine [41] 
have shown that Mn-ion may not be reduced to Mn-metal, and only Mo in MnMoO4, and 
Sn ions in Mn2SnO4 are reduced under ambient electrochemical conditions. Since the 
observed first-charge capacities (and the second discharge capacities) corresponds to 11 
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and 18 moles of Li for A = Mn and Co, respectively, it is assumed that Eqns. (III.4a and 
III.5) are more plausible.  
III.3.7.3. Zn2Mo3O8-Li system 
Based on the observed galavanostatic cycling, CV, the following reaction 
mechanism can be proposed:  
Zn2Mo3O8 +  Li+ +  e-(electron) → Li(Zn2Mo3O8)                                                 ---(III.6) 
Li(Zn2Mo3O8) + 15 Li+ + 15 e- → 2 Zn + 3 Mo0 (metal)+ 8 Li2O                          --- (III.7) 
2 Zn + 2 Li+ + 2 e-↔ 2 ZnLi                                                                                   --- (III.8) 
2 Zn + 2 Li2O ↔ 2 ZnO + 4 Li+ + 4 e-                                                                    --- (III.9) 
      Support for the forward reaction of Eqn. (III.6) comes from the fact that Fig.III.14b 
shows voltage plateaus at ~0.9 V (consumption of 1 mole of Li for Zn2Mo3O8). The 
voltage plateau at 0.2 V in Fig.III.14b extends up to the consumption of ~13.2 moles of 
Li per mole of Zn2Mo3O8 during the first discharge indicating that reactions of Eqns. 
(III.7) and (III.8) are in operation and are completed at the voltage 0.005 V. According to 
the Eqns. (III.6, III.7 and III.8), the theoretical first-discharge capacity is 18 moles of Li 
per mole of Zn2Mo3O8 (880 mAhg-1), whereas the experimental value is only 15.8 moles 
of Li (775 mAhg-1) (Fig.III.14b). Of course, part of this capacity is to be accounted for 
the SEI formation due to the decomposition of the electrolyte and polymeric layer 
formation under deep discharge conditions. This shows that the whole compound does 
not take part during the first- discharge reaction.  
      The observed total first-charge capacity of the Zn2Mo3O8 is ~7.1 moles of Li (Fig. 
III.14b). The first- charge process can be presented by the reverse reaction of Eqn.III.8 
and forward reactions of Eqns. (III.9 and III.3 or III.4a with A = Zn). Thus, the 
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theoretical capacity is 18 moles of Li. It is proposed that with an increase in the number 
of discharge-charge cycles, more and more of the parent compound is able to react with 
Li, resulting in an increase in the observed discharge, as well as charge capacities up to 
17 cycles and 30 cycles, for bare and heat- treated electrodes of Zn2Mo3O8, respectively 
(Fig.III.15b: I, II). The corresponding reversible capacities of 17th and 30th cycle are 
500(±5) mAhg-1 (10.2 moles of Li) and 760 (±5) mAhg-1 (15.5 moles of Li). The latter 
value is only 2.5 moles of Li smaller than the theoretical capacity.  
III.3.8. Electrochemical Impedance spectroscopy 
 Electrochemical impedance spectroscopy (EIS) is a well established technique to 
study electrode kinetics for cathode and anode electrode materials [10, 42-46]. EIS can 
give information on the surface film, charge-transfer and bulk resistances of the electrode, 
the associated capacitances and their variation with the applied voltage during the charge 
or discharge cycle. Impedance studies were carried out on LiYMo3O8 at room 
temperature at selected voltages in the range of 0.005 -3.0V vs. Li, at the current rate of 
30 mAg-1 (0.08 C) during the 1st and 5th cycle and also in the discharged- state at the end 
of selected cycles. The cells were discharged or charged to the selected voltage values, 
relaxed for 3 h at that voltage and the impedance spectra were measured. Fig. III.21 
shows the Nyquist plots (Z’ vs. -Z”) during the 1st and 5th cycle at various voltage values. 
The impedance data were analyzed by fitting to an equivalent electrical circuit shown in 
Fig.III.22c similar to the circuits reported in the literature [10, 42-46]. It consists of the 
electrolyte resistance (Re), surface film (Rsf) and charge transfer (Rct) resistances, a 
constant phase element, CPEi (instead of pure capacitance, due to the observation of a 
depressed semicircle in the spectra) along with diffusional components like Warburg 
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impedance (Ws). The symbols in Figs.III.21 and III.22a and b are the experimental data 
whereas the continuous lines represent the fitted curves. The derived impedance 











Fig.III.21. Nyquist plots (Z’ vs. -Z”) of LiYMo3O8 at different voltages. (a) During the 1st 
discharge reaction from 2.8 to 0.005 V, (b) 1st charge reaction from 0.8 to 3.0 V, (c) 5th 
discharge reaction from 3.0 to 0.005 V and (d) 5th charge reaction from 0.3 to 3.0 V vs. Li. 
Symbols represents experimental data and continuous lines represent the fitted curve 
using the equivalent circuit of Fig. III.22 c. Geometric area of the electrode is 2 cm2. 
 
The fresh cell (OCV ~2.8 V) shows a single semicircle in the frequency region 
0.35MHz-11Hz, followed by Warburg- type slope in the low- frequency region. The 
fitted value of impedance is 67 (5) , attributed  mainly to the surface-film resistance 
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Fig.III.22. (a) Nyquist plots (Z’ vs. -Z”) of LiYMo3O8 in the discharged state (0.005 V vs. 
Li) at various discharge- charge cycles. The numbers represent the cycle number. (b) The 
Nyquist plot at the 20th cycle in an expanded scale. Selected frequencies are indicated. (c) 
The equivalent electrical circuit consisting of resistances (Ri), constant phase elements 
(CPEs), Warburg impedance (Ws) and intercalation capacitance (Cint). (d) Variation of 
R(sf+ct) and Rb vs. cycle number of LiYMo3O8, obtained by fitting the spectra of (a) with 
the circuit in (c). 
 
at the voltages of 2.0, 1.5 V and 0.3 V also show only a single semicircle, similar to the 
spectrum at OCV (Fig.III.21a). Here the curve fitting was carried out using R(sf+ct)  
combination since electronic and ionic charge transfer are involved in the discharge 
process. As can be seen from Table III.2, the R(sf+ct)  values decrease to 52 and 34 (±5)Ω 
at 2.0 and 1.5 V, respectively, and then increase to 40 (±5)Ω at 0.3 V. The corresponding  
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Table III.2 Impedance parameters of the LiYMo3O8 during the 1st and 5th discharge-
charge cycles at various voltages. 
 
  
Parameter values:  
Cell voltage, V vs Li 
                                First-discharge cycle 
 
3.0 2.0 1.5 0.3 0.02 0.005 
R(sf+ct) (5)  
Rb (5)  















Parameter values : 
Cell voltage, V vs Li 
                              First-charge cycle 
 
0.8  1.25 1.5 2.0 2.3  3.0   
 R(sf+ct) (5)  54 45 53 31 28 30 
CPE(sf+dl) (5)F 35 22 28 18 19 35 
      ( 0.02) 0.84 0.92 0.87 0.94 0.95 0.87         
 
Parameter values:  
Cell voltage, V vs Li 
                               5th discharge cycle 
 
3.0 1.5 1.25 0.8 0.3 0.02   0.005 
 R(sf+ct) (5)  
Rb (5)  
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Parameter values :  
Cell voltage, V vs Li 
                                 5th charge cycle 
 
0.3 0.8 1.25 1.5 2.0 2.3 3.0 
R(sf+ct) (5)  20 22 18 21 17 20 20 
CPE(sf+dl) (5)F 105 108 100 109 87 99 105 
       ( 0.02) 0.8 0.8 0.8 0.8 0.87 0.8 0.8 
 
CPE(sf+dl)  (dl = double layer) range from 22 to 29  (5) F in the voltage range 2.0-0.3V. 
The spectra measured at 0.02V and 0.005V differ from the spectrum at 0.3V and show 
two large-diameter semicircles indicating the onset of contribution from the bulk 
resistance (Rb) in addition to R(sf+ct). Accordingly, the Rb and CPEb components in the 
circuit (Fig.III.22c) were used to fit the spectrum. The fitted values of R(sf+ct) and Rb are: 
159 and 183 (5) , and 265 and 414 (5)  respectively, at V = 0.02 and 0.005 V. The 
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corresponding CPE(sf+dl)  values are 20 and 24 (5) F. The extracted CPEb are fairly 
large and are 6 and 4.4 (2) mF (Table III.2). The impedance of the constant phase 
element, Z’CPE is related to the angular frequency,  by the relation, ZCPE =1/[Ci (j)], 
where j = √-1 and Ci is the capacitance and  is a constant. The value of  (<1) is an 
estimate of the degree of distortion from the pure capacitor behavior. As can be seen from 
Table III.2, the values of  range from 0.83 to 0.63 during the first-discharge process. 
The Nyquist plots during the first-charge cycle at various voltages are shown in 
Fig.III.21b, and they resemble the spectra during the discharge cycle. The R(sf+ct) values 
remain almost constant at  50 (5)  in the voltage range, 0.8-1.5 V, and decrease to 30 
(2)  in the voltage range, 2.0-3.0 V. The corresponding CPE(sf+dl) values show a 
decrease from 35 to 18 F in the voltage range, 0.8-2.0 V, but increase to 35 F at 3.0 V. 
The  values range from 0.84 to 0.95 depending on the voltage (Table III.2). 
The impedance spectra of LiYMo3O8 during 5th discharge-charge cycle are shown 
Fig. III.21 c,d and the fitted impedance parameters are given in Table III.2.  The spectra 
during the 5th discharge cycle as well as the charge cycle are qualitatively similar 
indicating good reversibility of the electrode, as can be expected from the cycling data 
shown in Fig. III.10. As can be seen from Table III.2, the R(sf+ct) values in the 5th 
discharge cycle  vary from  12-18 (5)  in the range 3.0 to 0.3V. The spectra at 0.02 and 
0.005 V show two semicircles indicating the contribution from the Rb, similar to the 
spectra during the first discharge. Accordingly, the fitted values of R(sf+ct)  and Rb at 0.02 
V are 55 and 58 (±5) , respectively. These values increase to 107 and 156 (±5)  at 
0.005 V. The CPE (sf+dl)  and CPEb values also change, but in an opposite manner when 
the voltage changes from 0.02 to 0.005 V. During the corresponding 5th charge cycle, 
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only one semicircle is seen and the fitted R(sf +ct) values vary from 20 to 22 (5)  in the 
voltage range, 0.3- 3.0 V. These are smaller in comparison to those measured during the 
first charge cycle, but almost similar to those observed during the 5th discharge- cycle, 
indicating good reversibility of the electrode. The corresponding CPE(sf+dl) values are in 
the range 87- 109(5) F in the voltage range, 0.3- 3.0 V (Table III.2).  
 Impedance spectra were measured in the discharged-state (0.005 V) after 10 and 
20 cycles. The data along with those after the 1st and 5th cycles in the discharged- states 
are plotted in Fig.III.22a. The 20th cycle spectrum in an enlarged scale is shown in Fig. 
III.22b, which clearly delineates the contributions from the surface-film + charge transfer 
(R(sf+ct)) and bulk (Rb) resistances, as two well-defined semicircles. The data have been 
analyzed using the circuit of Fig.III.22c and the Rb-values are plotted as a function of 
cycle number in Fig.III.22d. As can be seen, both R(sf+ct)) and Rb decrease drastically up 
to 10th cycle, and appear to stabilize by the 20th cycle to 10 (±3) , indicating good 
reversibility and stability of the LiYMo3O8 –Li system for Li-cycling. The CPE(sf+dl) and 
CPEb values also show a similar drastic decrease by the end of 10th cycle. The fitted 
resistance value due to the electrolyte and cell components (Re) is 4 ( 1)  during all the 
cycles. These values are similar to those measured on other oxide anode materials [10, 15, 
46]. Thus, the impedance data corroborate the galvanostatic cycling data. 
III.4. Conclusions 
         The triangular molybdenum cluster compounds, Li(Y/Ho)Mo3O8 and A2Mo3O8  
(Mn, Zn, Co) have been prepared by the carbothermal reduction method at 750C in 
argon atmosphere. They were characterized by XRD, SEM, HR-TEM, density and 
surface area methods. The crystal lattice parameters agree well with those synthesized 
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using other more-involved methods, thereby establishing that the carbothermal reduction 
is a viable technique to prepare other iso-structural compounds in the series. The FT-IR at 
ambient temperature (RT), and Raman spectra at various temperatures (78-450 K) of 
LiYMo3O8 and Mn2Mo3O8 are reported for the first time, and results interpreted. 
Magnetic measurements in the temperature range, 10-350 K on Mn2Mo3O8 confirm that it 
is a ferrimagnet, with a Curie temperature, TC =39 K, in good agreement with the value of 
41.5 K reported in the literature. Magnetic hysteresis and magnetization data at various 
fields and temperatures were interpreted.  
          Li-cyclability of these compounds has been evaluated galvanostatically in the 
voltage range, 0.005-3.0 V vs. Li at a current of 30 mAg-1 and 60 mAg-1 at RT and at 50 
C. Clear evidence of intercalation of Li-ion to the host crystal structure of LiYMo3O8 
and LiHoMo3O8 is seen during the first-discharge reaction. At RT, the total first-
discharge capacities are 305, 275 (±5) mAhg-1 whereas the first-charge capacities are180, 
mAhg-1 for LiYMo3O8 and LiHoMo3O8, respectively. However, for both the compounds 
the values increased systematically with an increase in the cycle number and   yielded a 
reversible capacity of 385(±5) mAhg-1 (at the 120th for LiYMo3O8) and 290(±5) mAhg-1 
(70th cycle for LiHoMo3O8), respectively.  At 50 C, the reversible capacities are 418 and 
470 (±5) mAhg-1 at the end of 60 and 40 cycles for LiYMo3O8 and LiHoMo3O8, 
respectively. The coulombic efficiency ranges from 94-96%. Complementary cyclic 
voltammetry data showed that the average charge potential is 2.2 V whereas the average 
discharge potential is 1.0V for both LiYMo3O8 and LiHoMo3O8 during 30-120 cycles. 
The impedance spectral data of LiYMo3O8 have been analyzed to obtain the impedance 
parameters and suitably interpreted in terms of changes in the surface-film + charge 
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transfer resistance and bulk resistance as a function of the voltage. The Li-cyclability 
behavior of A2Mo3O8 (A = Mn, Zn, Co) are entirely different from that of LiYMo3O8 and 
LiHoMo3O8: No evidence of Li- intercalation is seen for A = Mn and Co, whereas 1 mole 
of Li-intercalation is seen up to 1.0 V for A = Zn. However, drastic capacity-fading is 
observed for A = Mn and Co up to 25 cycles. This is followed by a smaller decrease up to 
50 cycles for A = Mn and up to 40 cycles for A = Co. For A= Mn, the reversible capacity 
at the end of 50th cycle is 205 (±5) mAhg-1, whereas for A= Co is 425(±5) mAhg-1. For A 
= Zn, the first-charge capacity is 350 mAhg-1. This value increased continuously with an 
increase in the cycle number up to 17 cycles, and then decreased to the values of 260 (±5) 
mAhg-1 at the end of 50th cycle. At a higher current density of 0.36 C, a reversible 
capacity of 415(±5) mAhg-1 is noticed at the end of 45th cycle. For A = Zn, Co, the heat- 
treated electrode showed an improved performance under similar cycling conditions. The 
coulombic efficiency ranges from 96-98% for A = Mn, Zn, Co. A plausible mechanism 
of Li-cyclability in the compounds is proposed in terms of formation/decomposition of an 
amorphous oxide nano-composite, ‘Li-Y (A)-Mo-Oy’ to explain the observed data, and it 
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Nanoflake CoN as a high capacity anode for Li- ion batteries* 
Abstract 
 CoN films with nanoflake morphology are prepared by RF magnetron sputtering 
on Cu and oxidized Si substrates and characterized by X- ray diffraction (XRD), field- 
emission scanning electron microscopy (FE- SEM), high resolution transmission electron 
microscopy (HR- TEM) and selected area electron diffraction (SAED) techniques. The 
thickness and composition of the films are determined by the Rutherford back scattering 
(RBS) technique confirming the stoichiometric composition of CoN with a thickness, 200 
(± 10) nm. Li- storage and cycling behavior of nanoflake CoN have been evaluated by 
galvanostatic discharge- charge cycling and cyclic voltammetry (CV) in cells with Li- 
metal as counter electrode in the range of 0.005- 3.0 V at ambient temperature. Results 
show that a first- cycle reversible capacity of 760 (±10) mAhg-1 at a current rate 250 
mAg-1(0.33 C) increases consistently to yield a capacity of 990 (±10) mAhg-1 after 80 
cycles. The latter value corresponds to 2.7 moles of cyclable Li per mole of CoN vs. the 
theoretical, 3.0 moles of Li. Excellent rate capability is shown when cycled at 0.59 C (up 
to 80 cycles) and at 6.6 C (up to 50 cycles). The coloumbic efficiency is found to be >96 % 
in the range of 10-80 cycles. The average charge and discharge potentials are 0.7 and 0.2 
V, respectively for the decomposition/formation of Li3N as determined by CV. However, 
cycling to an upper cut- off voltage of 3.0 V is essential for the completion of the 
‘conversion reaction’. Based on the ex- situ -XRD, -HR- TEM and -SAED data, the 
plausible Li- cycling mechanism is discussed.  
                                                 




Lithium ion batteries (LIBs) as dominant dc power sources for the mobile 
communication devices and portable computers, have attracted attention due to their high 
energy density and rechargeability over a large number of discharge-charge cycles [1-4]. 
Specialty graphite is used as the anode (negative electrode) with a theoretical capacity of 
372 mAhg-1 in the commercial first-generation LIBs. Graphite works on the basis of Li-
ion intercalation-deintercalation reaction during the charge-discharge operation, the Li-
ions coming from the cathode, a mixed oxide, LiCoO2. However, for the application of 
LIBs to portable power tools and electric vehicles/hybrid electric vehicles (EV/HEV), a 
higher energy density and safety-in-operation are needed, and hence a lot of research 
effort has been expended during the last decade to find alternative anode materials which 
can yield high reversible capacities and which may work on a reaction mechanism which 
is different from the intercalation-deintercalation process. As a result, metals or their 
compounds which can form alloys with Li (e.g., Sn + 4.4 Li  Li4.4Sn), and compounds 
which can reversibly react with Li via ‘conversion’ reaction (e.g., CoO + 2 Li  Co + 
Li2O), have been found to give reversible capacities which are higher, by a factor two or 
three, than the theoretical capacity of graphite [1,2,4].  
 Recent studies have shown that the conversion reactions occur not only with CoO 
[5], but also with other transition metal oxides like, Fe2O3 [6],  Fe3O4 [7], complex oxides 
like, MnV2O6 [8],  ZnCo2O4 [9], and nano-size particles of these oxides were found to be 
beneficial in sustaining large number of discharge-charge cycles at various current rates. 
Also, transition metal compounds with other anions like, fluorides [10, 11, 12], 
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oxyfluorides [13], sulphides [14], carbonates [15], phosphides [16, 17], and antimonides 
[14, 18] do undergo conversion reactions.  
          Metal nitrides are attractive materials as prospective anodes since the Li3N that is 
formed by the conversion reaction, is an excellent ionic conductor [19], and satisfies one 
of the essential criteria for a desirable anode. In the literature, ternary metal nitrides of the 
general formula, (Li3-xMx)N, M=Fe, Co, Ni, Cu [20-24] and LiNiN [25] have been 
explored for their Li-cyclability. Many binary metal nitrides, in thin film form, have been 
examined by the group of Fu: Ni3N [26] and Fe3N [27] showed reversible capacities 
ranging from 324 to 420 mAhg-1. Studies on thin films of CrN [28] and recently, (Cr1-
xFex)N, x = 0 -1 [29] and of VN [30] by the same group showed initial reversible 
capacities in excess of 1000 mAhg-1 when cycled in the voltage range, 0.01-3.5 V vs Li. 
While CrN retained ~1000 mAhg-1 after 30 cycles, with significant electrode-polarization, 
films of the composition, x = 0.17 in (Cr1-xFex)N and VN showed a stable capacity of  
800 mAhg-1 in the range 10-50 cycles. The proposed Li-cycling reaction mechanism, 
substantiated by complementary ex-situ studies, involves the conversion reaction: 
MN + 3 Li+ + 3 e– (electron)  M + Li3N  (M=Cr, V, Fe)                                     ---(IV.1) 
       It will be of interest to examine other binary metal nitrides for their Li-cyclability. 
Presently, thin films of CoN on Cu-substrates were prepared, characterized and their Li- 
cyclability was studied at various current (C) rates up to 80 cycles. Results show 
reversible capacities over 950 mAhg-1 after 80 cycles at 0.33 C and at 0.59 C rates, 
whereas a capacity of 650 mAhg-1 is shown after 50 cycles at 6.6 C rate. Complementary 
cyclic voltammetry and ex-situ X-ray diffraction and HR-TEM data are also presented. 
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IV.2. Experimental   
The CoN thin films were deposited on Cu- foil substrates (16 mm dia, and 20 m 
thick discs, 99.9%) and on surface oxidized Si- substrates, (SHE, Japan; 6.25 cm2 area 
and 380 μm thick) by using RF magnetron sputtering (Denton Vacuum Discovery 18 
system) in N2 atmosphere. Both the substrates were contained in the sputtering chamber. 
The Co- metal disc (Angstrom Sciences, 99.9%) was used as the target. The deposition 
conditions are: RF power at 150 W, total N2 partial pressure at 10 mTorr, sputtering time, 
120 min and substrate temperature, 27 0C. Several duplicate films of CoN, of thickness ~ 
200 nm were deposited on the above substrates. The structural and morphological 
characterizations of CoN films were carried out as discussed in Chapters II and III.  
The Rutherford back scattering measurements were carried out using the 
accelerator facility at the Centre for Ion Beam Applications laboratory of the Physics 
Department. A 2 MeV He+ beam with a 2 mm diameter and a current of 10 nA was used 
for the measurements at room temperature. The energy of the backscattered particles 
were recorded using the 50 mm2 passivated implanted planar silicon (PIPS) detectors 
with an energy resolution of ~ 18 keV. The detector was positioned at 170o scattering 
angle.  The experimental data were analyzed using the simulation software XRUMP [31] 
to determine the composition and thickness of the films. 
For electrochemical measurements, the virgin CoN films grown on Cu- substrate 
were used as the electrodes. The active mass of the electrode was calculated by using the 
theoretical density of CoN (6.106 gcm-3) and the geometrical area of the electrode, 2 cm2 
and was found to be, typically, ~ 0.24 mg. The cell fabrication, electrochemical 
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characterization and ex-situ –XRD and –TEM study of CoN films were carried out as 
described in Chapters II and III.  
IV.3. Results and Discussion 
IV.3.1. Structural and morphological characterization  
 Suzuki et al [32] have prepared thin films of CoN by dc reactive sputtering and 
studied their crystal structure and magnetic properties. They found that CoN adopts a 
cubic zinc blende- type structure with a = 4.297 Å. Fig.IV.1 shows the XRD pattern of 
CoN thin film deposited on surface oxidized Si (111) substrate. The Miller indices (h k l) 
correspond to the cubic structure with the space group, F43m.The lattice parameter was 
calculated by using least square fitting of 2and (h k l) values and found to be a = 4.291 













Fig.IV.1. X-ray diffraction pattern of nanoflake CoN grown on surface- oxidized Si 
substrate. The line due to Si substrate is shown. Miller indices (h k l) of CoN are shown. 
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The XRD pattern of the CoN film deposited on the Cu-substrate is shown in 
Fig.IV.2. Because of the preponderance of the intensities of the lines due to the Cu- 
substrate and the Al-sample holder, the characteristic lines due to CoN are of low 
relative-intensity. However, the lines due to Miller indices (111) and (200) can be clearly 












Fig.IV.2. XRD patterns of the bare CoN electrode grown on Cu- substrate and those of 
the electrodes of CoN discharged to 0.5 and 0.005 V, and charged to 3.0 V at the end of 
1st cycle are shown. Miller indices assigned to the peaks of bare CoN are shown. The 
symbols (,) represent the lines due to Cu-metal (electrode substrate) and Al –metal 
(sample holder). The y- axis values are normalized for better comparison of the XRD 
patterns. 
 
       Rutherford back scattering (RBS) or more accurately, elastic back scattering is a 
valuable technique that can give information on the chemical composition, and in the 
case of thin films, their thickness [33]. Briefly, in a typical experiment the sample (e.g., 
thin film deposited on a substrate) is exposed to a beam of fast ions, like He+ ions. The 
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ions will collide with both the surface atoms as well as those present in the bulk, up to a 
certain depth, and get back-scattered. The mass ratio of the ions and the colliding target 
atom together with scattering angle (170) will determine the kinetic energies of the 
back-scattered ions. The RBS spectrum displays the number of backscattered ions vs. 
energy or channel number. Because the scattering probability is quantitatively known, 
with an appropriate simulation code (XRUMP), one can extract composition and 
thickness of thin film systems. Fig. IV.3 shows a typical 2 MeV RBS spectrum obtained 
for the CoN film on surface oxidized Si- substrate. In the figure, the full circles are the 
experimental data and the continuous and dotted lines denote the simulated data using the 












Fig.IV.3. Rutherford back scattering (RBS) spectrum of nanoflake CoN grown on 
surface- oxidized Si substrate. The simulated partial spectra due to the individual 
elements are indicated. 
 
  169
The back scattering surface energies of different elements present in the sample 
are indicated in the spectrum. Apart from the total simulated spectrum, the partial spectra 
of silicon and nitrogen are also shown indicating the components of the overlapped 
region. The atomic percentage values obtained for cobalt (50 at. %) and nitrogen (50 
at. %) from the simulations confirm the stoichiometry of the CoN films. The thickness of 
the film was found to be 200 (±10) nm. The bulk density of 6.106 gcm-3 of CoN was used 
in calculating the thickness. It can be assumed that the chemical composition and 
thickness of the CoN films deposited on Cu- substrate are identical to those deposited on 
oxidized Si- substrates, since both the films were deposited under the same conditions in 
the sputtering chamber. 
 The field emission (FE) - SEM photographs of the CoN nanoflakes grown on Cu- 
foil are shown in Fig. IV.4 a, b. As can be seen, nanoflakes of size ≤ 100 nm are densely 
packed but are randomly oriented with an aspect ratio, 10:1. The HR- TEM lattice image 
and selected area electron diffraction (SAED) pattern of the CoN film on holey carbon- 
coated Cu grids are shown in Fig. IV.4 c,d. Randomly oriented crystalline- regions and 
some amorphous regions are clearly seen. The d- spacings (inter planar distances) of the 
planes in Fig. IV.4c are 2.50 (± 0.02) and 2.12 (± 0.02) Å and these correspond to the 
Miller indices (111) and (200), respectively of CoN (Fig. IV.1). The SAED pattern shows 
highly resolved concentric diffuse rings and some bright spots (Fig. IV.4d). The diffuse 
rings indicate the nano- phase nature of CoN. The calculated d- values from the rings are: 
2.50, 2.12 and 1.49 (± 0.02) Å and these correspond to the (h k l) values (111), (200) and 
(220), respectively. Thus, from the above data, we conclude that the CoN films consist of 
















Fig.IV.4. (a, b) FE- SEM photgraphs of nanoflake CoN grown on Cu- substrate at two 
different magnifications showing randomly oriented nanoflakes of size ≤ 100 nm. (c) 
HR- TEM lattice image of nanoflake CoN. The interplanar (d-) spacings are indicated by 
arrows. (d) The SAED pattern of nanoflake CoN. Miller indices are indicated. Scale bars 
are shown. 
 
IV.3.2. Electrochemical properties 
IV.3.2.1. Galvanostatic cycling 
 The discharge- charge profiles (voltage vs. capacity curves) of nanoflake CoN at a 
current density 250 mAg-1 (0.33 C) in the voltage window, 0.005- 3.0 V vs. Li, up to 80 
cycles are shown in Fig. IV.5a, b. During the first discharge, that is, reaction with Li, the 




broad plateaus at ~1.3 and at ~0.8 V. At this point, the capacity is ~ 300 mAhg-1 which 
corresponds to the consumption of ~ 0.8 mole of Li per mole of CoN. After this, a large 
voltage plateu is observed at ~ 0.6 V up to a capacity of 570 mAhg-1 (1.6 moles of Li) 
followed by a gradual decrease in voltage up to the deep discharge limit, 0.005 V. The 
total first discharge capacity is 1080 (±10) mAhg-1 (2.94 moles of Li). This value is close 
to the theoretical capacity of 1102 mAhg-1 (3 moles of Li as per Eqn. (IV.1) with M = Co) 
expected from the complete reaction of CoN with Li and formation of Co- metal nano 
particles and Li3N [26-30]. The first charge profile (extraction of Li) comprises a fairly 
large voltage plateu at ~ 0.7 V, with capacity ~350 mAhg-1 (~ 0.95 mole of Li) followed 
by a smaller plateu at ~ 1.3 V. The overall first charge capacity is 760 (±10) mAhg-1 (2.07 
moles of Li) and thus, the irreversible capacity loss (ICL) observed during the first cycle 
is 320 mAhg-1 (0.87 mole of Li). 
 The second discharge profile shows a variation from the first- discharge profile 
indicating a slightly different electrode reaction. The plateau at ~ 0.6 V noticed during the 
first- discharge is not observed and the plateu at ~ 0.8 V becomes more prominent (Fig. 
IV.5 a). The total second- discharge capacity observed is 780 (±10) mAhg-1 (2.12 moles 
of Li). The second- charge profile is analogous to the first- charge profile showing a 
similar cycling behavior and the charge capacity is 755 (±10) mAhg-1, almost the same as 
the first- charge capacity. With an increase in the cycle number, the reversible capacity 
decreases slightly. However, after 5 cycles, it increases slowly but consistently to 990 
(±10) mAhg-1 at the end of 80th cycle (Figs. IV.5b, c). Assuming 1 C = 760 mAg-1, the 
current rate of 250 mAg-1 corresponds to 0.33 C [34]. There is also a qualitative change in 
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the discharge- charge profiles in the cycling range, 20- 80 cycles: The well- defined 

















Fig.IV.5. Galvanostatic discharge- charge curves of nanoflake CoN: (a) 1-10 cycles (b) 
20- 80 cycles, at 250 mAg-1 (0.33 C) in the range 0.005- 3.0 V. Only selected cycles are 
shown for clarity. Numbers indicate cycle number. (c) Capacity vs. cycle number (up to 
80 cycles) plots of nanoflake CoN, at C- rates of 0.33, 0.59 and 6.6 C.  (d) Discharge- 
charge profiles of nanoflake CoN up to 20 cycles at 450 mAg-1 (0.59 C) in the voltage 
range 0.005- 2.0 V. The numbers indicate cycle number.  
 
In order to establish the rate capability of the nanoflake CoN films, galvanostatic 
cycling was carried out on duplicate cells at 450 mAg-1 (0.59 C) up to 80 cycles, and at 
5000 mAg-1 (6.6 C) up to 50 cycles at room temperature. The voltage- capacity profiles 
are similar to those shown in Fig. IV.5 a, b. The capacity vs cycle number plots are 
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shown in Fig.IV.5c. As can be expected, the reversible capacities are smaller in 
comparison to those measured at 0.33 C. However, the general trend of the cycling 
behavior is similar. That is, there is an initial decrease in the capacity up to a few cycles, 
followed by a consistent increase up to the end of cycling. Thus, at 0.59 C-rate, the 
capacity increases from 670 mAhg-1 at the 5th cycle to 950 (10) mAhg-1 (2.6 moles of Li) 
at the 80th cycle. Similarly, at 6.6 C-rate, the reversible capacity increases from 570 
mAhg-1 at the 5th cycle to 690 (10) mAhg-1 (1.9 moles of Li) at the 50th cycle.  From 
Fig.IV.5c, it can be seen that the discharge and charge capacities overlap well and the 
coulombic efficiency () is 97-98 %.  
Galvanostatic cycling was also carried out on duplicate cells at 450 mAg-1 (0.59 C) 
up to 20 cycles, in the voltage window 0.005 - 2.0 V vs. Li, in order to see the effect of 
reducing the upper cut-off voltage. The voltage– capacity profiles, shown in Fig.IV.5d, 
are qualitatively similar to those in Fig.IV.5a, b. The total first-discharge capacity is 925 
(10) mAhg-1 (~2.5 moles of Li), whereas the first-charge capacity is 595 (10) mAhg-1. 
The ICL is thus 330 mAhg-1 and compares well with the value of 320 mAhg-1 obtained at 
0.33C, with the upper voltage cut-off of 3.0 V (Fig.IV.5a). However, the capacity 
decreased consistently in the range 2-20 cycles, reaching a value of 505 (10) mAhg-1 
(1.4 moles of Li) at the 20th cycle. Hence, we conclude that cycling to an upper cut-off 
voltage of 3.0V is necessary in order to realize the high capacities over extended number 
of cycles. 
It is well-known that the ICL during the first-cycle arises due to the extra 
consumption of Li, in addition to that needed for the reduction of metal oxide, fluoride, 
nitride etc to the respective metal nano-particles (e.g., Eqn.(IV.1)), for the formation of 
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solid electrolyte interphase (SEI), and a polymeric layer, under deep discharge conditions, 
0.005 V vs Li [5, 9, 14, 35]. The solvents present in the electrolyte, namely ethylene 
carbonate (EC) and diethyl carbonate (DEC) participate in the reaction with Li to form 
the above SEI and polymeric layer. During subsequent discharge and charge cycling, at 
least up to a certain number of cycles, the SEI and polymeric layer re-form and 
decompose respectively, till a stable structuring of the electrode is attained. This is called 
‘formatting’ of the electrode, after which the SEI gets stabilized and the reversibility of 
the electrode as well as the  are improved. Studies on oxides like CoO [5, 14, 35] and 
ZnCo2O4 [9] have shown that in order to realize the maximum obtainable reversible 
capacities during cycling, it is essential to employ an upper cut-off voltage of   3.0V vs 
Li. This is to enable the decomposition of the polymeric layer formed (or re-formed 
under deep discharge) on the nano-particles of the active material. As can be seen from 
Figs. IV.5b, c and d, cycling up to 3.0 V is essential to obtain high and reversible 
capacities in CoN. We note that the group of Fu employed an upper cut-off voltage of 3.5 
V vs Li for CrN [28], (Cr1-xFex)N [29] and VN [30] and obtained high reversible 
capacities. 
IV.3.2.2. Cyclic Voltammetry 
 Cyclic voltammetry studies act as complementary tool to the galvanostaic cycling 
data in establishing the voltages at which the reactions occur and the existence of two- 
phase region. The cyclic voltammograms (CV) were recorded in the potential range 
0.005- 3.0 V, at the slow scan rate of 58 μVs-1 up to 20 cycles and are shown in Fig. 
IV.6a, b. The Li metal is used as the counter and reference electrode. As can be seen in 
Fig. IV.6a, during the first cathodic scan (reaction of Li with CoN), starting from OCV 
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(~2.6 V) a smooth sloping curve up to ~1.7 V is observed with low intensity peaks at 
1.68 V and 0.84 V. This is an indication of single phase reaction and reduction of Co3+ in 
CoN forming Lix(CoN). The low- intensity peaks may represent phases with different 
values of x or phase transitions in Lix(CoN). An intense cathodic (reduction) peak is 
observed at 0.58 V, followed by another strong peak at 0.2 V. As will be discussed later, 
these peaks represent the structure- destruction followed by the formation of Co- metal 
and Li3N. respectively. During the first anodic scan (Li extraction), the CV shows a 
strong peak at 0.7 V followed by minor peaks at 1.37 and 2.32 V (Fig. IV.6a). These 
peaks are the indication of de- nitridation reaction of Li3N and formation of CoN.  
 The second cathodic scan differs from the first one in that the peak at 0.58 V is 
absent and all the other cathodic peaks show minor shifts in potentials (Fig. IV.6b). In the 
second anodic scan, the intense peak at 0.7 V appears as in the first anodic scan and the 
minor anodic peaks now appear at 1.05 V and 2.10 V. With an increase in the cycle 
number, the CVs overlap well showing good reversibility. However, development of 
minor additional peaks at ~1.45 V and ~1.0 V in the cathodic scans, and a peak at ~1.45 
V in the anodic scans are clearly noted. The low- intensity multiple peaks in the cathodic/ 
anodic scans are an indication of intermediate step- reactions for the decomposition/ 
formation of CoN during cycling. The differential capacity (dQ/dV) vs. voltage plots for 
the first and 20th cycle are shown in Figs. IV.6c and d. These are extracted from the 
galvanostatic capacity vs. voltage profiles of Figs. IV.5 a and b, respectively. The voltage 
plateau regions in the latter curves appear as peaks in Figs. IV.6c and d. As is clear, they 
show an excellent resemblance to the CVs in Figs.IV.6a and b, both in the shape as well 
as the values of the peak potentials, thereby confirming the complementary nature of the 
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Fig.IV.6. Cyclic voltammograms of nanoflake CoN: (a) 1st cycle and (b) 2 – 20 cycles. 
Only selected cycles are shown for clarity. Scan rate is 58 Vs-1. Li- metal anode is the 
counter and reference electrode. Numbers represent the potentials in Volts. (c) 
Differential capacity (dQ/dV) vs. Voltage plot for the first- cycle extracted from the 
galvanostatic capacity- voltage profiles of Fig.IV.5a. (d) Differential capacity (dQ/dV) vs. 
Voltage plot for the 20th -cycle extracted from the galvanostatic capacity- voltage profiles 
of Fig.IV.5b. 
 
CVs, and reproducibility of the electrochemical properties of the CoN-Li system. From 
the data of Fig.IV.6, we note that the formation and decomposition of Li3N occurs at 
potentials ~0.2 and ~0.7 V, respectively. The decomposition and formation of CoN 
occurs mainly at potentials ~0.75 and ~1.05 V, respectively (Fig. IV.6a,b). However, the 
existence of several low-intensity peaks in the range, 1.0- 2.1 V, both in the cathodic and 
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anodic scans indicate that the ‘conversion’ reaction involves the formation of 
intermediate compositions, (Li3-xCox)N (e.g., x = 0.1-0.44 [20, 21]), and cycling up to 3.0 
V is essential for the realization of full reversible capacity. It may be mentioned here that 
Gillot et al [36] and Boynov et al [37] have shown that in the NiP2- Li system, Li- 
cyclability occurs through the formation/ decomposition of an intermediate phase, 
Li2NiP2.   
IV.3.2.3. ex- situ XRD, TEM and SAED  
 Studies by the group of Fu on CrN [28], (Cr1-xFex)N [29] and VN [30] have 
shown that the crystal structure destruction occurs during the first discharge due to the 
reaction of Li with the starting materials followed by the formation of nano- size metals 
and Li3N. Subsequent charging will re-form VN releasing Li- ions and electrons (reverse 
reaction of Eqn. (IV.1)). In order to confirm the crystal structure destruction in the case of 
CoN, several duplicate cells were assembled and then discharged /charged to selected 
voltages. After stabilizing for about 2 h, the cells were disassembled in the glove box and 
treated for XRD and TEM studies as described in Chapters II and III. The XRD patterns 
of the electrodes during the first cycle are shown in Fig. IV.2. The relative intensities (y- 
axis) have been normalized for better comparison. The XRD pattern of electrode 
discharged to 0.5 V did not show any peaks of CoN and peaks due to Cu- substrate and 
Al- sample holder only are seen. This shows the structure destruction started slightly 
above 0.5 V and corroborates the galvanostatic and CV data where a large voltage 
plateau sets in at ~0.58 V indicating two- phase reaction. The XRD pattern at 0.005 V 
during the first- discharge also is devoid of any peaks indicating that the 
electrochemically- formed species (Co- metal and Li3N) are not noticeable, due to their 
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nano size nature [9, 15, 28, 30]. Similarly, the XRD pattern taken at 3.0 V at the end of 

















Fig.IV.7. (a) HR- TEM lattice image and (b) SAED pattern of cycled nanoflake CoN in 
the charged state (3.0 V) after 80 cycles in the range, 0.005- 3.0 V vs. Li. Scale bars are 
shown.  
 
The ex-situ HR- TEM lattice image and the SAED pattern of the CoN electrode in 
the fully charged state (3.0 V) after 80 cycles are shown in Fig.IV.7a and b, respectively. 
Fig. IV.7a compares well with the lattice image of virgin CoN film of Fig. IV.4c and 




interplanar d- spacing is found to be 2.51(±0.02) Å, which corresponds to the (111) plane 
of CoN. The grain- size reduction of the embedded particles in an amorphous matrix is 
due to the so called ‘electrochemical grinding’ effect [14]. The SAED pattern comprises a 
diffuse set of concentric rings with some bright spots indicating low- crystallinity of CoN 
(Fig. IV.7b). The d- values calculated from the rings are 2.51, 2.13 and 1.45 (± 0.02) Å 
and correspond to the (hkl) values (111), (200) and (220), respectively of CoN. These 
values are in good agreement with the d- values calculated from the XRD pattern and the 
SAED of virgin material shown in Fig. IV.4d. Thus, from the ex- situ XRD, -HR- TEM 
and -SAED data, we conclude that during the discharge process, CoN decomposes to Co 
and Li3N whereas during the charging process, re-formation of CoN occurs. We note, 
however, that some un-reacted CoN may also be contributing to the observed data, and 
hence, ex-situ HR-TEM and SAED on the discharged-product after 80 cycles, is also 
necessary to substantiate the above statement.  
IV.3.3. Reaction mechanism 
Based on ex- situ XRD, HR- TEM and SAED patterns and the observed 
galvanostatic cycling and CV data, a Li- cycling mechanism can be proposed similar to 
that established by Fu and co- workers for the metal nitrides, CrN [28] and VN [30] 
except for an intermediate step during the first- discharge involving Li- intercalation, Eqn. 
(IV.2):              CoN + 0.8 Li+ + 0.8 e- → Li0.8CoN    (e- = electron)                    --- (IV.2) 
                          Li0.8CoN + 2.2 Li+ + 2.2 e- → Co + Li3N                                     ---(IV.3) 
                         Co + Li3N ↔ CoN + 3 Li+ + 3 e-                                                   ---(IV.4) 
The reaction in Eqn. (IV.2) is supported by the galvanostatic cycling (Fig. IV.5a) and CV 
(Fig. IV.6a), where a smoothly varying voltage profile is noted up to ~ 0.6 V during the 
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first- discharge, with minor voltage plateaus observed at ~1.3 V and ~0.8 V, and 
consumption of 0.8 mole of Li  (capacity of ~ 300 mAhg-1). The broad voltage plateau 
appearing both in the galvanostatic profile (Fig. IV.5a), and as a peak in CV (Fig. IV.6a) 
at 0.58 V indicates the crystal structure destruction (amorphisation) followed by Eqn. 
(IV.3), indicating the co- existence of intercalated phase (Li0.8CoN), Co and Li3N. This is 
well- supported by the ex- situ XRD (Fig. IV.2). The XRD peaks due to Co and Li3N are 
not seen due to their nano size nature. 
  The theoretical reversible capacity based on the reaction mechanism Eqn. (IV.4) 
is 1102 mAhg-1 (3 moles of Li), but the experimental first- discharge capacity observed is 
1080 (±10) mAhg-1 (2.94 moles of Li). As discussed earlier, considerable amount of Li 
will also be consumed during the first- discharge for the formation of SEI and polymeric 
layer on the freshly generated Co- metal nano- particles. Hence, it is assumed that an 
incomplete participation of the active material during the first- discharge is taking place. 
The first-charge process can be represented by the forward reaction of Eqn.(4), analogous 
to Eqn.(IV.1). The first-charge capacity is only 760 mAhg-1 (2.06 moles of Li) which 
indicates that ~0.9 mole of Li might have been consumed for the formation of SEI and 
polymeric layer. The second and subsequent cycling involve only Eqn.(IV.4) and do not 
appear to go through Eqn.(IV.2), due to the continuous decrease in the width of the 
voltage plateau at ~0.6V (Figs.IV.5a,b and d). Eventhough, there is possibility of 
formation and decomposition of Li2.6Co0.4N during the first- charge operation, as studied 
by Shodai et al. [38] in the voltage range, 0 to 1.5 V, upon charging to 3.0 V, CoN 
formation occurs as per Eqn. (IV.4) , as shown by the SAED pattern (Fig. IV7b). 
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With an increase in the cycle number, both the discharge and charge capacities 
show a systematic increase, indicating an increase in the participation of the ‘active 
material’ in each cycle, ultimately reaching 990 mAhg-1 (2.7 moles of Li) at 0.33 C rate, 
at the end of 80th cycle. It must be pointed out, however, that neither the theoretical 
reversible capacity nor the measured first-discharge capacity has been achieved till the 
80th cycle, indicating that full participation of the ‘active material’ possibly needs cycling 
beyond 80 cycles. The same trend is shown when cycled at both 0.59C and 6.6 C rates 
(Fig.IV.5c). An increase in the reversible capacity with an increase in the cycle number 
has been observed in several oxide systems in the literature, like LiMVO4 (M = Co, Ni, 
Zn, Cd) [39], nano- Fe3O4 [7], LiHoMo3O8 and LiYMo3O8 (described in Chapter III). An 
explanation similar to that for CoN can be given for the observed cycling behavior of the 
above compounds. 
          It is relevant to compare the present data on nanoflake CoN with those reported by 
Fu and co-workers on thin films of CrN [28], FeN [29] and VN [30]. Their thin films 
varied in thickness from 400 to 700 nm, and TEM showed smooth films without any 
characteristic morphology. They found that, when cycled at 28 Acm-2 (~230 mAg-1, 
based on the weight of the film) in the range 0.005-3.5 V vs Li, CrN showed a first cycle 
charge capacity of 1200 mAhg-1 (2.96 moles of Li vs. theoretical 3 moles of Li per 
formula unit)  which slowly degraded at 0.5% per cycle up to 30 cycles. Under similar 
conditions, films of VN gave a first cycle charge- capacity of 1156 mAhg-1, which 
degraded slowly, but stabilized to 800 mAhg-1 (1.94 moles of Li per formula unit) in the 
range, 15 to 50 cycles. On the other hand, FeN films showed a first-cycle charge- 
capacity of 1020 mAhg-1, which degraded drastically to 40 mAhg-1 after 30 cycles. Thus, 
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it may be concluded that the cycling performance of nanoflake CoN is comparable to 
those of thin films CrN and VN, and in addition, shows very good rate-capability. 
IV.4. Conclusions  
 Nanoflake CoN is prepared by RF magnetron sputtering technique and 
characterized by XRD, RBS, FE- SEM, HR- TEM and SAED techniques. The thickness 
and composition, analyzed by RBS, confirm the formation of CoN with a thickness, 200 
(±10) nm. The Li- cycling behavior of nanoflake CoN is evaluated by galvanostatic 
discharge- charge cycling and cyclic voltammetry (CV) with Li as the counter electrode 
at room temperature. When cycled at a current density 250 mAg-1 (0.33 C) in the voltage 
window 0.005- 3.0 V, nanoflake CoN film showed an initial reversible capacity of 760 
(±10) mAhg-1 which increases consistently to 990 mAhg-1 (2.7 moles of Li per mole of 
CoN) at the end of 80th cycle. Excellent rate capability is also shown: At 0.59 C, a 
capacity of 950 (±10) mAhg-1 (2.6 moles of Li) after 80 cycles, and at 6.6 C, a capacity of 
690 mAhg-1 (1.9 moles of Li) at the end of 50 cycles, are observed. The coloumbic 
efficiency is found to be >96 % in the range of 10-80 cycles. The average charge 
potential for the decomposition of Li3N is 0.7 V whereas the average discharge potential 
for the formation of Li3N is 0.2 V vs. Li. However, complete reversibility of Eqn. (IV.4) 
requires cycling to an upper cut- off voltage of 3.0 V and the reaction appears to go 
through intermediate phases, (Li3-xCox)N.  The Li- cycling performance of nanoflake 
CoN films is compared with those of CrN, FeN, and VN reported in the literature.  Thus, 
the present study shows that nanoflake CoN film can be a prospective anode material for 
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Li- cyclability and storage of tin hollandites, K2(M2Sn6)O16 (M = Co, In) * 
 
Abstract  
Micron- size polycrystalline powders of the compounds, K2(In2Sn6)O16 (K-In) and 
K2(Co2Sn6)O16 (K-Co) are prepared by the high temperature solid state reaction and 
characterized by X-ray diffraction, scanning electron microscopy (SEM) and density 
methods.  Electrochemical studies were carried out by galvanostatic cycling and cyclic 
voltammetry (CV) in the voltage window of 0.005-0.8V vs. Li, at room temperature.  The 
first-charge capacities of (K-In) and (K-Co) at the current density of 60 mAg-1 (~ 0.1C) 
are 600 (±10) and 465 (±10) mAhg-1, respectively. For (K-Co), 91% of the 5th cycle 
reversible capacity was retained at the end of 40th cycle, whereas for (K-In), the capacity-
retention was 80% in the range 5-40 cycles, with a coulombic efficiency, 96-97% for 
both the compounds. From the CV, the average charge and discharge potentials for both 
(K-Co) and (K-In) are 0.47 V and 0.2 V, respectively. The ex- situ XRD data for (K-
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V. 1. Introduction 
The increase in demand for lithium ion batteries (LIBs) as secondary power 
sources for portable electronic appliances and for use in high energy applications, such as 
electric vehicle (EV)/hybrid electric vehicle (HEV) motivated the search for new anode 
(negative electrode) materials with high volumetric and gravimetric capacity [1-4]. The 
limited capacity value of graphite (theoretical, 372 mAhg-1; LiC6), which is employed as 
anode in the present- day LIBs, operates on the basis of reversible Li- intercalation/ de-
intercalation reaction and may not be suitable for use in high energy applications. During 
the last decade, tin (Sn), Sn- alloys and  Sn-based oxides and composites were 
extensively studied as alternative anode materials due to their high capacity (~990 mAhg-
1) based on alloying-de-alloying reaction mechanism and low charge/discharge potential 
vs. Li [1, 3, 4]. But the inherent problem associated with Sn is the large volume variation 
(~300%) during electrochemical cycling, which leads to the generation of strong internal 
mechanical stresses and cracking of the particles, resulting in the loss of electrical contact 
with the current collector causing capacity fading. The capacity retention in the case of 
Sn has been improved to some extent by various approaches, such as (i) reducing the 
particle size of the active material to nano- size, (ii) addition of one or more 
electrochemically active/ inactive counter (matrix) atoms/ions, (iii) proper choice of the 
starting crystal structure, morphology and restricting the voltage range of cycling vs. Li 
[4-9].  
   A large number of Sn-based ternary oxides of various crystal structures, namely, 
perovskite type, ASnO3 (A = Ca, Sr, Ba) [10-12], ilmenite-type, CdSnO3 [13], inverse-
spinel-type, M2SnO4 (M=Mg, Mn, Co, Zn) [14-19], pyrochlore-type, A2Sn2O7, A=Nd,Y 
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[20], CaFe2O4-type, NaFeSnO4 [21], ramsdellite-type, LiMSnO4, M=Fe, In [22], 
Nasicon-type, LiSn2P3O12 [23] and hollandite-type, K2(Mx,Sn8-x)O16 (M= Li, Mg, Fe, Mn) 
[24] have been studied for their Li-cycling behavior. Results showed that indeed the 
starting crystal structure, the nature and amount of the matrix element (A or M), and 
morphology and particle-size (micron-size or nano-size) play a role in determining the 
obtainable reversible capacity, due to the alloying-de-alloying reaction of Sn-metal, and 
the long-term Li-cycling stability at various current (C)-rates. Thus, compounds 
containing SnO6- octahedra, either isolated or linked to other octahedra, as in perovskite, 
hollandite and Nasicon structures, matrix elements like, Ca, Co, Li or Fe were found to 
give high and stable capacities. Also, nano-size particles of the above compounds and/or 
spherical morphology of nano-size aggregates invariably are found to give good long-
term Li-cyclability. High surface area and short diffusion lengths for the Li-ion diffusion 
of the nano-size particles will help to buffer, in the presence of the matrix elements, the 
unit cell volume variations during Li-cycling.  
        It must be pointed out that the initial electrochemical discharge reaction of the above 
oxides with Li-metal leads to the formation of the nano-Sn metal, other matrix elements 
(Fe, Co, In), Li2O, and other oxides, like, CaO, MgO and K2O. These will be present 
either in the form of X-ray amorphous or nano-crystalline composite. Subsequent 
electrochemical charge-reaction (extraction of Li) and cycling involves the alloying-de-
alloying reaction of Sn-metal, but the ‘local structure’ of the nano-composite is governed 
by the starting crystal structure, and this influences the Li-cycling behavior [10-12, 14, 
23-24].  
  190
Hollandite- type compounds possess a one-dimensional tunnel-like framework 
structure, have a local stoichiometry of MIVO2 and are bounded by rutile-type MO6 linked 
octahedra. The tunnels in the structure are occupied by large- size alkaline (K, Rb) or 
alkaline earth (Ba) elements in conjunction with the charge compensating partial 
replacement of MIV with di- or tri-valent cations. K2M2Sn6O16 (M = Fe) and 
K2(M1Sn7)O16 (M = Mg, Mn, Ni) are typical hollandite-type compounds with Sn 















Fig.V.1. The structure of K2(M,Sn)8O16 hollandite projected along the c- axis. Taken 
from Michiue et al. [25] 
 
  Sharma et al [24] studied the Li-cyclability of the micron-size particles of Sn-
hollandites, K2(Mx,Sn8-x)O16, M= Li, Mg, Fe, Mn and found initial reversible capacities 
ranging from 420 to 600 mAhg-1 depending on M, when cycled at 60 mAg-1 in the 
Sn/M OK
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voltage range, 0.005-1.0 V vs. Li. Capacity-fading was noticed in all cases, ranging from 
17 % for M = Fe to as high as 47 % for M = Mn, up on cycling to 50 cycles, and it was 
pointed out that Fe is a good matrix element for Li-cycling of Sn in the hollandite 
structure. The present work represents the extended studies to explore other tin-
hollandites with cobalt (Co) and indium (In) incorporated in to the structure. It is to be 
noted that In also can form an alloy with Li [22], and hence a higher reversible capacity 
can be expected. Results are reported here. 
V. 2. Experimental 
  The compounds, K2(Co2Sn6)O16 and K2(In2Sn6)O16 were prepared by the 
conventional solid state reaction by using the stochiometric mixture of K2CO3 (99.99%, 
Merck), Co3O4 (99.9%, Merck) or In2O3 (99.99%, Cerac) and SnO2 (99.9%, Merck) to 
give ~8 g of the product compound. The mixture was ground in a mechanical grinder for 
15 min into fine powder. The powder was pressed into a pellet and subjected to a series 
of heatings in a box furnace (Carbolite, UK) at 500, 950 and 1150 oC for 5 h in air at a 
heating rate of 4 oC/min with intermediate grinding and pelletising and cooling to room 
temperature. Finally, the product was ground to fine powder and kept in a desiccator.  
 The structural and morphological characterizations were carried out as discussed 
in earlier Chapters- II to IV. The procedure of electrode fabrication, cell fabrication and 
electrochemical characterization and ex-situ-XRD studies were adopted as mentioned in 
Chapters- III and IV.  For recording the ex-situ XRD patterns of cycled electrode, the 




V. 3. Results and Discussion 
V. 3.1. Structure and Morphology 
            The compounds K2(Co2Sn6)O16 (here after (K-Co)) and K2(In2Sn6)O16 (K-In), are 
grey and white colored crystalline powders, respectively. The XRD patterns of the 
compounds showed lines characteristic of tetragonal system with I4/m space group (Fig. 
V.2a). The calculated lattice parameters are: a=10.480(2) Å; c= 3.17(2) Å for (K-Co) and 
a = 10.586(2) Å; c= 3.20(2) Å for (K-In).The lattice parameters for (K-In) match well 
with a = 10.59 Å and c = 3.20 Å reported by Bayer and Hoffman [26]. The (K-Co) is the 
new composition presently prepared, and the smaller values of lattice parameters in 
comparison to (K-In) can be understood because of the smaller ionic radius of Co3+ (low 
spin: 0.545 Å) vs. In3+ (0.8 Å) for octahedral coordination [27]. The SEM photographs of 
(K-Co) and (K-In) showed micron- sized particles due to the high- temperature 
preparation (Fig.V.2 c, d). The measured densities of (K-Co) and (K-In) powders are 
5.803 (3) and 6.222(3) g/cm3, respectively. These values compare well with the X- ray 
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lattice) followed by the reduction of reducible ions like Sn, Co and In to the respective 
metals, and the formation of K2O and Li2O, as per Eqn. (V.1):  
K2(M2,Sn6)O16 + 30 Li + + 30 e- (electron) → K2O + 2 M + 6 Sn + 15 Li2O (M=Co, In) 
                                                                                                                               ---(V.1) 
6 Sn + 26.4 Li + + 26.4 e- ↔ 6 (Li4.4Sn)                                                                 ---(V.2) 
2 In + 6 Li + + 6 e- ↔ 2 (Li3In)                                                                               ---(V.3) 
The metals, in the form nano-size crystallites, and amorphous to X-rays, will be dispersed 
in an oxide matrix, (K-Li-O), and exists as a nano-composite. Thus, we expect the 
voltage plateau region (~0.9V) to consume 30 moles of Li per mole of the hollandite 
oxide. But, the experimental values are smaller, 20.8 and 23.8 moles of Li in (K-Co) and 
(K-In), respectively. Further reaction with Li leads to the formation of (Li-Sn) alloy, as 
per Eqn. (V. 3) consuming an additional 26.4 moles of Li. In the case of (K-In), the alloy 
(Li-In) also forms, which in the ideal case, consumes an additional 6 moles of Li (Eqn. 
(V.3)) [22]. The formation of the alloys, (Li-Sn) and (Li-In) may not occur in a single 
well-defined step, but may involve several intermediate stages, and thus, a continuous 
decrease in the voltage is noted in the voltage-capacity profiles (Figs.V.3a and c). 
According to Eqns.(V.1-V.3), we expect the first-discharge capacity to correspond to the 
consumption of 56.4 and 62.4 moles of Li for (K-Co) and (K-In), respectively. However, 
the experimental values are much higher, 68.6 and 87.1 moles of Li, respectively. 
Consumption of excess Li, over and above the theoretical value, during the first-
discharge reaction has also been noted in several Sn-oxides, and is usually attributed to 
the formation of the solid electrolyte interphase (SEI), and the polymer-like layer on the 
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metal and alloy particles due to the decomposition of the electrolyte effected by Li [10-12, 
23, 24, 28, 29]. 
 During oxidation, i.e., in the first- charging process, the Li ions are extracted from 
(Sn-Li) alloy present in the oxide matrix, due to de-alloying of the (Sn-Li) alloy which is 
the reverse reaction of  Eqn. (V.2) for (K-Co) and Eqns. (V.2 and V.3) for (K-In). The 
voltage- capacity profiles during the first- charge show a broad plateau, ~0.3- 0.5V for 
both (K-In) and (K-Co) and the extraction capacities at the cut- off voltage, 0.8 V, 
correspond to 600(±10) mAhg-1 (~ 28.6 moles of Li) and 465(±10) mAhg-1 (~ 20.2 moles 
of Li), respectively. These are smaller than the theoretical values of 32.4 and 26.4 moles 
of Li, respectively for (K-In) and (K-Co) as per Eqns. (V.2 and V.3) and indicate an (first 
cycle) extraction efficiency of only 88 and 80%, respectively.  
 Fig. V.3b and d and Fig. V.4 show the voltage- capacity profiles and capacity vs. 
cycle number plots of (K-In) and (K-Co) compounds, respectively at a current density of 
60 mAg-1, in the voltage window, 0.005- 0.8 V up to 40 cycles. Assuming 1 C = 465 
mAg-1 for (K-Co), the current rate of 60 mAg-1 corresponds 0.13 C. The reversible 
capacity of (K-Co) decreases from 458(±10) mAhg-1 at the 5th cycle to 415(±10) mAhg-1 
at the end of 40th cycle. Thus the 5th cycle capacity retention for (K-Co) at the end of 40th 
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Fig.V.4. Capacity vs. cycle number plot at a current density 60 mAg-1 in the voltage 
window 0.005- 0.8 V. Filled symbols: discharge capacity; open symbols: charge capacity. 
 
The coulombic efficiency (η) can be calculated as the difference between the discharge 
and charge capacity at a particular cycle and is found to be 96-97% for (K-Co) in the 
range of 10- 40 cycles. For (K-In), the current rate of 60 mAg-1 corresponds to 0.1C (1C 
= 600 mAg-1). The reversible capacity decreases from 584(±10) mAhg-1 at the 5th cycle to 
465(±10) mAhg-1 at the end of the 40th cycle, showing capacity retention of 80%. The η 
is calculated to be 96-97 % (10- 40 cycles). It can be clearly seen from Fig. V.4, that the 
capacity- fading in the case of (K-In) is more than in (K-Co). The better capacity 
retention during cycling in (K-Co) is probably due to Co-matrix element. The effect of 
matrix element on the cycling performance in the case of K2(M,Sn)8O16, M = Mg, Li, Fe, 
Mn has been studied by Sharma et al [24], who found that the hollandites with M = Li 
and Fe showed better performance with capacities of 470 and 400 mAhg-1, respectively at 
the end of 50th cycle. The (K-Co) and (K-In), in the present study show cycling 
performance comparable that found in K2(Li2/3Sn22/3)O16 [24]. 
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 V. 3.3. Cyclic Voltammetry 
 The cyclic voltammograms (CV) of (K-Co) are shown in Fig. V.5 a. They were 
recorded at the slow scan rate of 58 μVs-1, in the voltage window 0.005-0.8 V. The 
counter and reference electrode was Li- metal. The first cathodic scan (reaction with Li) 
of (K-Co), started from the OCV (~2.5 V) and shows a small shoulder peak at ~1.0 V, 
followed by sharp peaks at 0.73 V and 0.11 V. There is also a low- intensity peak at ~0.4 
V. The peaks indicate a two- phase reaction and accordingly the structure destruction and 
formation of Sn- nano particles. The cathodic peak at ~0.11 V indicates the (Sn- Li) alloy 
formation (Eqn. (V.2)). The first anodic scan (Li extraction) in (K-Co) shows only one 
peak at 0.45 V, which is due to the de-alloying reaction. The second cycle cathodic scan 
starting from 0.8 V, shows only one split peak at ~0.11 V similar to the first- cathodic 
scan. The second cycle anodic scan overlaps very well with that of the first- cycle 
indicating good reversibility (Fig. V.5a) in accordance with Eqn.(V.2). The CV profiles 
of (K-In) are similar to those of (K-Co) except for minor changes in the potentials (Fig. 
V.5b). In the case of In2O3 - Li system, Li et al [30] found that alloying -de- alloying 
reactions occur at potentials, ~0.35 and ~0.65 V vs. Li respectively. Due to the smaller 
content of In in comparison to Sn in (K-In), the peaks due to the alloy (Li-In) are not 
revealed in the CV (Fig. V.5b). From the CVs it is clear that the average discharge 
potential and average charge potential are ~0.2 and ~0.47 V, respectively in both (K-In) 
and (K-Co). These match well with the differential capacity vs. voltage curves (Fig. V.5 c, 
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Fig.V.5. Cyclic voltammograms of (a) K2(In2Sn6)O16 (K-In) and (b) K2(Co2Sn6)O16(K-
Co) at the scan rate of 58 Vs-1 and voltage range of  0.005-0.8V vs. Li at  room 
temperature. The integer numbers indicate cycle numbers. The differential capacity vs. 
voltage plots of (c) (K-In) and (d) (K-Co) extracted from the galvanostatic data of the 1st 
cycle from Fig. V.3 a , c. 
 
V.3.4. Ex- situ XRD 
In order to establish the crystal structure destruction and amorphisation of the 
lattice, ex-situ XRD patterns have been recorded for (K-Co) at different discharge 
potentials during the 1st cycle. Three identical cells were fabricated and discharged to 1.0, 
0.5 and 0.005V vs. Li and equilibrated for 2 h, and the electrodes were recovered and 
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treated as described in Chapters II-IV. The ex-situ XRD patterns are shown in Fig.V.2b. 
It is clear that the pattern of the electrode at 1.0V, remains unchanged in comparison to 
Fig. V.2a, showing no structural destruction. The patterns at 0.5 V and 0.005 V indeed 
show the amorphisation of (K-Co) due to the complete disappearance of the compound 
peaks. The low- intensity peak at 2θ~ 33o corresponds to the Miller index (111) of Li2O 
formed as per Eqn.(V.1) [JCPDS card no. 77-2144]. The XRD patterns do not show 
peaks due to Co and Sn metal or LixSn alloy probably due to very small (nano- size) 
particles, dispersed in the matrix of Li2O.  
V. 4.  Conclusions 
 The tin- based hollandites, K2(M2Sn6)O16, M = Co and In were prepared by the 
solid-state reaction, characterized by XRD and SEM and investigated for their Li- 
cyclability. Here, both K and M play the role of matrix element and In can also contribute 
to the reversible capacity in addition to Sn as per Eqns. (V.2) and (V.3). The 
galvanostatic cycling performance was carried out at a current density of 0.1 or 0.13 C, in 
the voltage window 0.005- 0.8 V. The first charge capacities of (K-Co) and (K-In) are 
465(±10) and 600(±10) mAhg-1, respectively. These values corresponds to 20.2 and 28.6 
moles of Li per mole of (K-Co) and (K-In), respectively, as compared to the theoretical 
capacities of 26.4 and 32.4 moles of Li (Eqns. (V.2 and V.3)). For (K-Co) and (K-In), 91 % 
and 80 % of the 5th cycle capacity is retained at the end of 40 cycles, respectively with a 
coulombic efficiency of 96- 97%. The better cycling performance in the case of (K-Co) 
shows that Co acts as a better matrix element in comparison to In. The cyclic 
voltammograms are complementary to the galavanostatic cycling data and show that for 
both (K-Co) and (K-In), the average discharge potential is ~0.2V, whereas the average 
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charge potential is ~0.47 V vs. Li. The ex-site XRD patterns of the discharged-electrodes 
taken at 1.0, 0.5 and 0.005 V show that amorphisation of the crystal lattice of (K-Co) 
takes place at ≤0.5 V, as can be expected from Eqn.(V.1) and the galavanostatic cycling 
profiles. Optimization of the cycling performance of (K-Co) and (K-In) may be possible, 























Nano-phase tin hollandites, K2(M2 Sn6)O16 (M = Co, In) as anodes for Li- ion 
batteries 
Abstract 
The nano-phase tin hollandites, K2(M2Sn6)O16 (M = Co, In) of particle size < 10 
nm are prepared by high energy ball-milling (HEB) of the pre-synthesized powders and 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), high- 
resolution transmission electron microscopy (HR-TEM) and selected area electron 
diffraction (SAED) techniques. The Li- cycling behavior of M = Co (nano-(K-Co)) and 
M = In (nano-(K-In)) is evaluated by galvanostatic cycling and cyclic voltammetry (CV) 
with Li- metal as counter electrode in the voltage range, 0.005-0.8 V (or 1.0 V). When 
cycled at 60 mAg-1 (0.12 C) in the voltage range, 0.005 – 0.8 V, a stable capacity of 500 
(±5) mAhg-1 up to 60 cycles is noticed for nano-(K-Co), whereas nano-(K-In) showed an 
initial capacity of 570 (±5) mAhg-1, which dropped to 485 (±5) mAhg-1 (15 % loss) at the 
end of 60 cycles. At 1 C-rate, the nano- (K-Co) showed a capacity of 410 (±5) mAhg-1 
stable up to atleast 100 cycles. Under similar cyclic conditions, the heat- treated- 
electrode (300 oC; 12 h; Ar) of nano-(K-In), showed a significant improvement and gave 
a stable capacity of 570 (±5) mAhg-1 in the range of 5-50 cycles. The coulombic 
efficiencies in both the compounds increased to 96-98% in the range of 10-60 cycles. 
These results show that nano-phase compounds perform much better than the micron- 
size particles of the same compounds. For both the nano-phases, the average discharge 
potential is 0.13 V and average charge potential is 0.5 V vs. Li, as determined by the 
galvanostatic and CV data. Electrochemical impedance spectroscopy (EIS) data on nano-
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(K-Co) as a function of voltage are presented and discussed. The apparent Li- diffusion 
co-efficient (DLi+), estimated from EIS data, is 2.0 – 2.6 (±0.1) ×10-14 cm2 s-1 between 
0.25 – 0.45 V during the first- cycle. The observed galvanostatic cycling, CV, EIS, ex- 
situ -XRD and -TEM data have been interpreted in terms of the alloying- de-alloying 
reaction of Sn in the nano-composite, ‘Sn-K2O-Co/In- Li2O’.  
V.5. Introduction 
The micron-size Sn, Sn-alloys, Sn-based oxides and composite oxides show poor 
electrochemical Li- cycling performance due to the large volume variation (~300%) 
during cycling, which leads to the generation of strong internal mechanical stresses and 
cracking of the particles, resulting in the loss of electrical contact with the current 
collector. The large particle size causes high agglomeration and retard the rate of Li-ion 
diffusion, thereby causing the capacity fading [1, 3-5]. As mentioned in Part I, the 
capacity retention in the case of Sn-based oxides has been improved to some extent by 
reducing the particle size of the active material to nano- size. The advantages associated 
with nanomaterials, which make them potentially feasible for use as electrode materials 
for Li-ion batteries (LIBs) are: (i) They enable the electrode reactions, which may not 
take place when micron- size particles are employed [31]. (ii) The rate of Li-ion 
intercalation/de-intercalation is highly increased due to the smaller diffusion length (L). 
The characteristic time (τ) for intercalation/de-intercalation is decreased due to decrease 
in diffusion length, since τ = L2/D, where D is the diffusion co-efficient [4, 8]. (iii) The 
electron transport is enhanced within the particles due to nanometer- sized particles. (iv) 
The smaller particle size can modify the chemical potentials for Li-ions and electrons, 
thereby changing the electrode potential to some extent (~ mV)[4, 5,  9]. 
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                It will be of interest to examine the Li-cyclability of the nano-size particles of 
the K2(M2Sn6)O16 and compare their performance with that of the micron-size particles 
described in Part I. In the present work, nano-size K2(M2,Sn6)O16 (M= Co, In) were 
prepared  by high energy ball milling (HEB) of the pre-synthesized compounds and their 
Li-cyclability were examined. The results show that, indeed, the cycling stability and C-
rate capability are greatly improved, in comparison to the performance of the micron-size 
particles. Complementary cyclic voltammetry and impedance data are reported.  
V.6. Experimental  
V.6.1. Preparation of nano-phase K2(M2Sn6)O16  
For the preparation of nano-K2(M2Sn6)O16, appropriate amount (~2.5 g) of the 
pre-synthesized powder (Chapter-V; Part I) was weighed and transferred to stainless steel 
vial inside in an Ar- filled glove box (MBraun, Germany), sealed and taken out for high- 
energy ball-milling (HEB) at 1400 rpm using the equipment, Spex, 8000D, USA. 
Stainless steel balls were used for milling with a ball to active mass ratio, 4:1. Ball 
milling was carried out for 18 h, in three steps of 6 h each, to avoid significant rise in 
temperature of the vial.  After milling, the vials containing the products were opened in 
the glove box, collected and kept in a desiccator.  
Structural, morphological, electrochemical characterizations and ex-situ-XRD and 
–TEM studies were carried out as described in Chapters II to IV.  
V.7. Results and Discussion 
V.7.1. Structure and morphology 
 The X-ray diffraction (XRD) patterns of nano- K2(Co2Sn6)O16 (here after nano-
(K-Co)) and nano-K2(In2Sn6)O16 (nano-(K-In)) are shown in Fig.V.6. The compounds 
show lines characteristic of tetragonal hollandite- structure with the I4/m space group 
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indicating that high energy ball-milling (HEB) did not destroy the crystal structure. 
However, the diffraction lines are broadened in comparison to the XRD of micron- size 
(K-Co) and (K-In) (Fig. V.2a). This is due to the reduction of the particle size as a result 
of HEB. The lattice parameters, calculated by the Rietveld refinement (Topas R 2.1 
software) are: a =10.510(2) Å; c = 3.172(2) Å for nano-(K-Co) and a = 10.601(2) Å; c = 
3.200(2) Å for nano-(K-In) in good agreement with those calculated for the compounds 
before HEB (a = 10.480(2) Å; c = 3.17(2) Å for (K-Co) and a = 10.586(2) Å; c = 3.20(2) 













Fig.V.6. Powder X-ray diffraction patterns. (a) Nano- (K-Co); (b) nano- (K-In). Miller 
indices (hkl) are shown. 
 
 
The TEM photograph of nano- (K-Co) shows the particle size of ≤ 10 nm with an 
agglomerated morphology (Fig. V.7a). The HR-TEM lattice image clearly indicates the 
















Fig.V.7. Nano- (K-Co): (a) TEM photograph showing agglomerated nano-size particles. 
(b) HR-TEM lattice image. (c) HR-TEM lattice image at higher magnification. (d) 
Selected area electron diffraction (SAED) pattern. Scale bars are shown. 
 
 
Fig. V.7b are marked as 1, 2, 3 and 4 and the interplanar d-spacings corresponding to the 
regions are measured. The values are (± 0.02Å):  2.65 Å, 5.21 Å, 7.40 Å and 3.29 Å, 
respectively for regions 1 to 4. These d- values can be assigned to the Miller indices 
(211), (200), (110) and (310), respectively. Fig. V.7 c is the HR-TEM lattice image at a 
higher magnification and the d-spacing of 5.22 (±0.02) Å corresponds to the Miller index 
of (200). The selected area electron diffraction (SAED) pattern of the nano- (K-Co) 
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shown in Fig.V.7d, indicates diffuse rings with occasional bright spots. The d- values 
corresponding to these concentric rings were evaluated by measuring the rings from the 
center and the assigned Miller indices are shown.  
The crystallite sizes of nano-(K-Co) and nano-(K-In) were calculated by using the 
Scherrer’s formula, P =  K / (1/2 cos, where P is crystallite size, K is Scherrer 
constant (0.9),  is the wavelength of Cu K- radiation (1.54059 Å), 1/2 is the full width 
at half maximum (FWHM) in radians of the XRD peak and   is the scattering (Bragg) 
angle [12]. The instrumental broadening was calculated by using the nano-TiO2 (anatase) 
(Evonik Degussa; 99.5%) of ~25 nm particle size as standard and was found to be 0.08o. 
For TiO2, it is assumed that the crystallite size is of the same order as particle size. The 
crystallite sizes were calculated by using 1/2 (FWHM) of two or three high intensity 
peaks and the corresponding values in the XRD patterns. The values are 6 (±2) nm for 
nano-(K-Co) and 8 (±2) nm for nano- (K-In). To summarize, XRD and HR-TEM data 
confirm that HEB of micron- sized particles has resulted in nano- (K-Co) and nano- (K-In) 
without destroying the hollandite crystal structure.  
V.7.2. Electrochemical characterization 
V.7.2.1. Galvanostatic cycling 
  The capacity vs. voltage profiles of nano- (K-Co) at a current density 60 mAg-1, 
in the voltage range of 0.005-0.8 V vs. Li are shown in Fig.V.8 a & b. The first- 
discharge profile shows a voltage plateau at ~0.85 V, which onsets at ~1.25 V, up to a 
capacity of 420(±5) mAhg-1 (18.3 moles of Li per formula unit of (K-Co)). Thereafter, a 
sloping profile is noticed till the deep discharge 0.005 V. The total first- discharge 
capacity is 1910(±5) mAhg-1 (83 moles of Li). The voltage plateau at ~0.85 V 
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corresponds to the amorphization of crystal lattice and formation of Co and Sn metal 
particles (Eqn.V.1) and the continuous sloping profile up to 0.005 V is due to the alloying 
of electrochemically- formed Sn- metal with Li as per the forward reaction of Eqn.V.2. 
The absence of well-defined voltage plateaus in the range 0.5 – 0.005 V indicates that the 
Eqn. V.2 may be occurring in stages. The Eqns. (V.1 and V.2) indicate the overall 
consumption of 56.4 moles of Li per mole of nano- (K-Co) corresponding to a capacity of 
1300 mAhg-1 as the theoretical first-discharge capacity. However, the experimental value 
is 1910(±5) mAhg-1 (83 moles of Li), which is larger than the theoretical capacity. The 
consumption of extra Li is due to the solid electrolyte interphase (SEI) formation and due 
to the formation of polymer- like layer on the metal particles under deep discharge 
conditions, as mentioned in Part I [10-12, 23, 24, 28, 29]. 
 The first- charge profile of nano- (K-Co) (Fig. V.8a) shows a voltage plateau at 
~0.5 V. The total first- charge capacity at the end of cut- off voltage, 0.8 V is 500(±5) 
mAhg-1 (21.7 moles of Li) (reverse reaction of Eqn. V.2). The observed second- 
discharge capacity is 530(±5) mAhg-1 (23 moles of Li), which is almost same as the first- 
charge capacity, showing good reversibility of the system. The charge- discharge profiles 














2, 20, 40, 60,80
 (b)Nano- (K-Co)
2, 20, 40, 60,80




























































Fig.V.8. Galvanostatic discharge-charge profiles. Nano- (K-Co): (a) 1st cycle and (b) 2- 
80 cycles. Nano- (K-In): (c) 1st cycle and (d) 2- 60 cycles. The numbers indicate cycle 
number. Voltage range, 0.005- 0.8 V vs. Li, at a current density of 60 mAg-1 (0.12 C).   
 
 The capacity vs. cycle number plots of nano- (K-Co) in two voltage windows, 
0.005-0.8 V and 0.005 – 1.0 V, at 60 mAg-1 are shown in Fig. V.9a and b, respectively. In 
the voltage range 0.005 – 0.8 V, a stable capacity of 500(±5) mAhg-1 is obtained up to 60 
cycles, with no noticeable capacity - fading. However, a capacity- fading of 4% is noticed 
in the range of 60-80 cycles. When cycled in the range 0.005 – 1.0 V, a stable capacity of 
525 (±5) mAhg-1 is noticed up to 40 cycles, and thereafter, a slow capacity- fading is 
noticed. The capacity- fading is 11% in the range of 40-60 cycles. The columbic 
efficiency in both the voltage windows is 96-98%, in the range of 10-60 cycles. 
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Assuming 1 C = 500 mAg-1, the current density 60 mAg-1 corresponds to 0.12 C- rate. It 
has been noted in the literature that the operating voltage window is crucial for better 
reversibility of Sn-based oxides [12, 13, 28]. The good cycling response of nano- (K-Co) 
is attributed to the buffering ability of the nano-composite, K2O/Li2O/Co against the unit 
cell volume variations occurring during alloying-de-alloying of Sn-metal (Eqns. V.1 and 
V.2). The Co-metal particles act as an electronically conducting medium for Li-diffusion 
and thereby enhance the reversible reaction. The literature studies show that the presence 
of Co- metal as an inactive matrix is highly beneficial both for alloying- de- alloying 
reactions and conversion reactions [32, 33]. It is pertinent to compare the present results 
with those obtained on the micron- size particles of (K-Co). Under similar cycling 
conditions (0.005-0.8 V at 60 mAg-1), a 5th cycle capacity of 460 (±10) mAhg-1 degraded 
to 415 (±10) mAhg-1 at the end of 40th cycles corresponding to a capacity- fade of 10% 
(Chapter V; Part I).  Thus, a reduction of the particle size is highly beneficial in giving a 
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Fig.V.9. Capacity vs. cycle number plots. (a, b) Nano- (K-Co) in different voltage ranges. 
(c) At various current (C) rates of nano- (K-Co). (d) Nano- (K-In). Voltage range, 0.005-
0.8 V vs. Li, at current density of 60 mAg-1 (0.12 C) assuming 1 C = 500 mAg-1. Filled 
symbols: Discharge capacity; Open symbols: Charge capacity. 
 
The C- rate capability test was carried out on a duplicate cell with nano- (K-Co) 
in the voltage range of 0.005 – 0.8 V, at different current rates. The specific current was 
increased after 20 cycles in steps from 0.12 to 2 C, and then decreased in steps up to 140 
cycles (1C = 500 mAg-1). The results are shown in Fig. V.9c. The observed capacity, 
500(±5) mAhg-1 at 0.12 C decreases to 315(±5) mAhg-1 upon increasing the current 
almost 16 fold, to 2 C. At each C-rate, the reversible capacity remains stable on cycling. 
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The recovery of the capacity to almost the original value after the step- decrease of C- 
rate indicates an excellent rate- capability, which signifies the potential application of 
nano- (K-Co) as anode material for LIBs.  
 The voltage vs. capacity profiles of nano- (K-In) at a current density 60 mAg-1 in 
the voltage range, 0.005 – 0.8 V are shown in Fig. V.8 c and d. The discharge- charge 
profiles are qualitatively similar to those of nano- (K-Co).  The observed first- discharge 
capacity is 1800 (±5) mAhg-1 (85.7 moles of Li per mole of (K-In)) which includes 
contribution from the formation of alloy, Li3In (Eqn. (V.3)) in addition to Eqns. (V.1 and 
V.2) (M = In). Similar to the case of nano-(K-Co), there is an extra consumption of 23.3 
moles of Li in nano- (K-In) during the first- discharge. The first- charge profile of nano- 
(K-In) shows a voltage plateau at ~0.45 V followed by a continuous sloping profile till 
0.8 V (Fig. V.8c). The first- charge capacity is 565 (±5) mAhg-1 (26.9 moles of Li per 
mole of (K-In)) in comparison to the theoretical capacity of 32.4 moles of Li (reverse 
reactions of Eqns.(V.2 and V.3)). The second- discharge capacity is 600 (±5) mAhg-1 
(28.6 moles of Li), which is slightly larger than the first- charge capacity. The charge- 
discharge profiles from 2-to- 20 cycles overlap well indicating good reversibility, but the 
capacity shows a decreasing trend up to 60 cycles (Figs. V.8d and V.9d). A reversible 
capacity of 565(±5) mAhg-1 remains stable up to 20 cycles and a capacity- fading of 15% 
is observed in the range, 20-60 cycles. The columbic efficiency is 96-98 % in the range of 
10-60 cycles. 
 Improvement of the Li- cyclability of a heat- treated oxide electrode (Fe2O3; 300 
oC; 12 h; Ar-gas) involving ‘conversion’ reaction was recently reported by Li et al. [34]. 
This improvement is ascribed to a better binder distribution, caused by melting and 
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spreading of the binder, followed by adhesion to the active material particles and to the 
current collector of the electrode. Accordingly, the cycling performance of nano- (K-In) 
electrode heat treated at 300oC for 12 h in Ar- gas was carried out. The results are shown 
in Fig. V.9d and as can be seen, there is no increase in the reversible capacity in 
comparison to the bare electrode of nano- (K-In). However, the cycling stability is greatly 
improved. A stable reversible capacity of 570 (±5) mAhg-1 is noticed with nil capacity- 
fading up to 50 cycles. A 3% capacity- fading occurs in the range 50-60 cycles.  Under 
similar cycling conditions, micron-size (K-In) showed a 5th cycle capacity of 584 (±10) 
mAhg-1 which degraded to 465 (±10) mAhg-1 after 40 cycles corresponding to a capacity- 
fading of 20% (Chapter V; Part I). Thus bare and heat- treated electrodes of nano-(K-In) 
perform much better than that of the electrode with micron- size particles of (K-In). 
V.7.2.2. Cyclic Voltammetry 
The cyclic voltammetry  on nano- (K-Co) and nano- (K-In) as cathodes in cells 
with Li- metal as the counter electrode were carried out at the slow scan rate of 58 µVs-1, 
in the potential range of 0.005- 0.8 V up to 10 cycles, to complement the galvanostatic 
cycling data and to ascertain the potentials where the charge/discharge reactions occur.  






















































Fig.V.10. Cyclic voltammograms. (a) Nano- (K-Co) and (b) Nano- (K-In). Scan rate, 58 
Vs-1. Li- metal anode was the counter and reference electrode. Numbers represent the 
potentials in Volts. Integer numbers represent cycle numbers.  
 
As can be seen, the first- cathodic scan commenced from the open circuit voltage 
(OCV) ~2.75 V. A broad cathodic peak at 0.75 V is observed followed by another peak at 
0.07 V. The former peak can be attributed to the crystal structure destruction to form the 
Sn-metal (Eqn. V.1) and the latter can be assigned to the formation of Li4.4Sn alloy 
(forward reaction of Eqn. V.2). During the first anodic scan up to an upper cut- off 
voltage 0.8 V, only a single well- defined peak is noticed at 0.53 V. This peak 
corresponds to the de-alloying process of the alloy formed during the cathodic scan 
(reverse reaction of Eqn. V.2). From 2- 10 cycles, both cathodic and anodic scans show 
well defined peaks at 0.13 V and at 0.53 V, respectively (Fig. V.10a). During the initial 
few cycles, there is a splitting of the cathodic peak into a doublet, (0.16 V and 0.07 V) 
during 2-5 cycles indicating that the Li-Sn alloying reaction occurs in two stages instead 
of a single step. But the doublet cathodic peak gradually merged as one well- defined 
peak in the 10th cycle, presenting a single stage alloy reaction. The CVs from 2-10 cycles 
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overlap well, indicating good reversibility. The area under both cathodic and anodic scan 
remains preserved during the cycling indicating good reversibility, in agreement with the 
galvanostatic cycling data (Fig.V.8 a, b). From the CVs, the average discharge and charge 
potentials are 0.13 V and 0.53 V, respectively, which match well with the voltage 
plateaus noticed during galvanostatic cycling. (Fig. V.8a, b).  
Fig. V.10b shows the CV of nano- (K-In) in the potential range 0.005-0.8 V. The 
CVs from 1-10 cycles are analogous to that of nano- (K-Co) (Fig. V.10a), except for an 
additional low- intensity peak at 0.36 V noticed during the first-cathodic scan. This peak 
can be attributed to the Li3In formation. The crystal structure destruction of nano- (K-In) 
occurs at 0.7 V (Eqn. V.1; M = In).  During the first anodic scan, a single peak is noticed 
at 0.47 V, which is due to the de-alloying reaction of both Li3In and Li4.4Sn. The de-
alloying reaction in the case of nano- (K-In) occurs at a slightly lower potential as 
compared to that of nano- (K-Co), possibly due to the synergetic effect of the presence of 
In. From the studies on In and its oxides, the de-alloying reaction is known to occur at 
~0.4 V – 0.6 V [30, 35, 36]. The CVs of 2-10 cycles overlap well indicating good 
reversibility of the system. The average discharge and charge potentials are 0.12 V and 
0.47 V, respectively. Thus, it can be concluded that the CV results corroborate the 
galvanostatic cycling data.  
V.7.3. Ex-situ XRD and TEM  
In order to complement the observed galvanostatic and cyclic voltammetry data 
and to ascertain the reaction mechanism during charge and discharge cycling, ex-situ 
XRD and -TEM on nano- (K-Co) were performed. For ex-situ XRD, three cells were 
discharged/charged to different voltages and then equilibrated for 2-3 h before 
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dismantling the cells for XRD measurement. Results are shown in Fig. V.11. The y- axis 
values have been normalized for better comparison. The pattern at 0.5 V during the 1st 
discharge (Fig. V.11a) shows the lines characteristics of both Li-Sn alloy and Sn- metal 
(Eqn. V.1 and forward reaction of Eqn. V.2). This is expected since the crystal structure 
is destroyed at a voltage of ~0.7 V and (Li-Sn) alloy formation is initiated. But at the 
voltage of 0.005 V, there are no characteristic lines of Sn and Li-Sn alloy (Fig. V.11b). 
This could be due to very small particle size. At 0.8 V during first- charge, the XRD 
pattern shows absence of lines due to Sn-metal which can be due to the nano-nature of Sn 












Fig.V.11. Ex-situ XRD patterns of nano- (K-Co). (a) During first- discharge at 0.5 V; (b) 
during first- discharge at 0.005 V, and (c) during first- charge at 0.8 V vs. Li. Substrate 




The ex-situ TEM data of nano- (K-Co) at 0.8 V at the end of the 15th charge are 
shown in Fig.V.12. The lattice image indicates the existence of nano-crystalline regions, 
size of 6-8 nm embedded in amorphous regions of mainly K2O and Li2O (Fig.V.12a). 
The crystalline region can be assigned to the nano-Sn-metal with inter-planar distance (d-
value) of 2.93(±0.02) Å. This value corresponds to the Miller index of (200) plane of 
tetragonal Sn-metal (JCPDS # 04-0673). The SAED pattern, shown in Fig.V.12b, 
consists of diffuse spots superimposed on the diffuse rings indicating the nano-phase 
crystalline regions coexisting with the amorphous regions. The d-values corresponding to 
these rings and spots were derived by measuring the diameters of the rings. The d-values 
of 2.94(±0.02) Å, 2.81(±0.02) Å and 2.04 (±0.02) Å can be assigned to the (200), (101) 
and (211) planes of Sn-metal, respectively. Thus, both ex-situ XRD and –TEM confirm 
the formation of (LixSn alloy) during discharge process at 0.005 V and formation of nano 
crystals of Sn- metal during charge process at 0.8 V, respectively and confirm the 








Fig.V.12. Ex-situ TEM pattern of nano- (K-Co) at the 15th charge cycle at 0.8 V: (a) HR-




V.7.4. Electrochemical Impedance Spectroscopy  
Electrochemical impedance spectroscopy (EIS) measurements on electrode 
materials at different discharge and charge voltages will give information on the factors 
responsible for the overall impedance during the Li-cycling. The impedance 
measurements were reported on some of the Sn-oxide anodes like, SnO [29], hollandite 
K2(Li2/3Sn22/3)O16 [24] and nano-composite, CaO. SnO2 [12]. Studies on transition metal 
oxides like, Co3O4 [37], TiOF2 [38] and Li4Ti5O12 [39] are also reported in the literature 
and interpreted to understand the electrode reaction kinetics. Presently, impedance studies 
were carried out on the cell comprising of nano- (K-Co) as the working electrode vs. Li 
during the first discharge- and charge- cycle and during the 11th discharge, at selected 
voltages after relaxing the cells for 3 h. The results are presented as Nyquist plots (Z′ vs. -
Z′′), where Z′ and Z′′ refer to the real and imaginary parts of cell impedance, respectively 
(Figs. V.13 a-c). The impedance spectra have a qualitative resemblance to those observed 
with K2(Li2/3Sn22/3)O16 [24]. The spectra were fitted with an equivalent electrical circuit 
using series and parallel combinations of resistances (R), CPEs (constant phase element), 
Ws (Warburg impedance) and intercalation capacitance (Ci). The experimental datas are 
represented as symbols, whereas the fitted data are represented as continuous lines in Figs. 
V.13a-c. The equivalent circuit is shown in Fig. V.13d [12, 24, 38].  
The observed total impedance is made up of contributions from different factors 
such as electrolyte resistances (Re), impedance due to surface film and charge transefer 
resistance (R(sf+ct)) and the associated surface film and double layer capacitance (CPE 
(sf+dl)), bulk (b) impedance (Rb) and capacitance (CPEb) and Ws. The CPEs are used 
instead of pure capacitor, since the Nyquist plots show depressed semicircles, which 
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indicate the deviation from the ideal behavior. The impedance due to constant phase 
element, ZCPE = 1/[C (jω)α] where j = √-1, ω is the angular frequency, C is the 
capacitance and α is a constant. The value of α varies as 0<α<1, which gives the degree 
of distortion from the pure capacitor behavior (α = 1 for pure capacitor). The extracted 













Fig.V.13. Impedance spectra (Nyquist plots: Z’ vs. –Z”) for the cell with nano- (K-Co) as 
cathode vs. Li- metal at different voltages. (a) During the first-discharge. (b) During the 
first-charge. (c) During the 11th discharge. Stabilized cell voltages, after 3-h stand, are 
shown. Selected frequencies are shown. (d) Equivalent circuit used for fitting the 
impedance spectra. Different resistances, Ri and/or Ri ║ CPEi components, Warburg 
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From the fitting of all impedance spectra (Nyquist plots), the electrolyte resistance 
(Re) was found to be 4-6 (±0.5) Ω irrespective of the state of discharge/charge of the cell 
which indicates that the cells were properly fabricated. At open circuit voltage (OCV, 
~2.6 V), the Nyquist plot showed a single semicircle at high to medium frequency range 
of 2.8 kHz to 5.6 Hz. In the low frequency regions (< 5 Hz) a straight line making an 
angle of ~450 with real-axis is observed and ascribed to Warburg region (Ws). The 
spectrum was fitted using the parallel combination of resistance (R) and constant phase 
element (CPE) with an overall impedance of 70 (±5) Ω, which is due to the surface film 
resistance (Rsf) and associated capacitance, (CPEsf) (Table V.1).  From the Nyquist plots 
of first- discharge at different voltages, it is clear that the overall impedance is due to 
both the surface film and charge transfer resistances (Rsf+ct), even though a single 
semicircle is observed in the impedance spectra at voltages, V = 1.7 V and 1.2 V. At V= 
0.7 V, there is an indication of the development of a second semicircle, which is clearly 
de-lineated at V< 0.7 V (Fig. V.13a). Accordingly, the spectra were fitted with a single 
semicircle for V ≥ 0.7 V and two semicircles for V< 0.7 V, the latter taking into account 
the contribution from the bulk resistance (Rb). As can be seen from Table V.1, the R(sf+ct) 
= 32 (±5) Ω at 1.7 V and shows a gradual increasing tendency upto the deep discharge 
voltage of 0.005 V. The capacitance (CPE(sf+dl)) values vary from 37 to 76 (±5) F. The 
Rb values range from 23 to 33 (±5) Ω at V≤ 0.5 V.  
In the range of 0.5-0.005 V, the significant changes in the spectra is due to the 
amorphisation of the lattice of nano- (K-Co) and formation of Sn and LixSn as per Eqns. 
V.1 and V.2. The degree of distortion (α) remains almost constant 0.82 (±0.02) in the 
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voltage range of 1.7 V to 0.7 V and shows a decreasing trend with a decrease in the 
voltage and reaches a value of 0.75 at 0.005 V.  
Table V.1. Impedance parameters obtained by fitting the impedance spectra of the nano- 
(K-Co) (vs. Li) to the equivalent circuit elements during the first- cycle and 11th 
























14 ) cm2 s-1 
First- discharge 
OCV 70 37 --- --- 0.84 ---- --- 
1.7 32 37 --- --- 0.82 51 5.6 
1.2 38 33 --- --- 0.84 --- --- 
0.7 58 44 --- --- 0.80 18 2.0 
0.5 53 63 28 16 0.75; 
0.64 
22 2.5 
0.3 51 76 23 21 0.79; 
0.68 
23 2.6 




0.03 58 50 36 17 0.78; 
0.58 
11 1.2 
0.25 47 58 30 34 0.79; 
55 
18 2.0 
0.45 13 156 --- --- 0.70 23 2.6 
0.6 18 186 --- --- 0.68 --- --- 
0.8 20 177 --- --- 0.67 ---- --- 
11th -discharge 
0.7 27 221 --- --- 0.75 --- --- 
0.5 21 269 --- --- 0.65 --- --- 
0.3 16 347 --- --- 0.65 --- --- 
0.15 15 145 --- --- 0.68 --- --- 






The impedance spectra at various voltages during the first- charge reaction are 
shown in Fig. V.13b. At V  = 0.03 V and 0.25 V, a depressed semicircle almost parallel 
to X-axis is noticed in the frequency range 140 – 0.03 Hz and this is followed by 
Warburg and intercalation capacitance regions. For V ≥ 0.45 V, only a single semicircle 
is seen, indicating the absence of contribution from the bulk resistance. The fitted 
impedance parameters, in Table V.1, show that R(sf+ct) decreases from 58 (±5) Ω to 13 (±5) 
Ω in the voltage range of  0.03 – 0.45 V and stabilizes at about 18 (±5) Ω  for V = 0.6 and 
0.8 V. The Rb decreases slightly from 36 (±5) Ω at 0.03 V to 30 (±5) Ω at 0.25 V and not 
seen for V > 0.25 V.   
 The first- discharge and first- charge cycle is known as the formatting cycle which 
involves both Eqns.V.1 and V.2, whereas the successive cycles only involve reversible 
reactions of the Eqn. V.2. The impedance spectra during the 11th discharge process at 0.7, 
0.5 and 0.3 V are qualitatively similar to those during the first-charge cycle at 0.45, 0.6 
and 0.8 V and show only a single semicircle (Figs.V.13b and c). This reflects the 
reversibility of the electrochemical processes in nano-(K-Co). The R(sf+ct) decreases from 
27 (±5) Ω at 0.7 V to 15(±5) Ω at both 0.3 V and 0.15 V, and then increases to 24 (±5) Ω 
at 0.005 V. The CPE(sf+dl) decreases from 269 to 117(±5) F. The spectrum at 0.005 V 
shows an increase in the spread of the first- semicircle and the development of a second 
semicircle at low frequency region (<1 Hz). The latter semicircle, attributed to the Rb has 
the value, 40 (±5) Ω. The α value gradually decreases from 0.75 to a value of 0.65 in the 
voltage range of 0.7-to-0.3 V and increases to 0.73 at 0.005 V (Table V.1). From the 
impedance data of nano-(K-Co), it can be concluded that R(sf+ct) value decreases by a 
factor two after the first- discharge reaction and stabilizes at 15-25 Ω during the first- 
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charge and 11th discharge cycle. The Rb contribution is seen only for V ≤ 0.5 V during the 
first cycle and the 11th discharge cycle and the values range from 23 to 40 Ω (Table V.1). 
A similar behavior has been noted by Sharma et al. [24] in their impedance spectral 
studies on Sn- hollandite, K2(Li2/3Sn22/3)O16. 
V.7.4.1. Li-ion diffusion coefficient 
            An estimate of the ‘apparent’ Li-ion diffusion coefficient (DLi+) can be obtained 
from the impedance data. The DLi+ has been determined for both thin films and 
polycrystalline cathode and anode materials and reported in the literature and a clear 
picture of its variation with different discharge/ charge voltages is presented. Xie et al. 
[40] calculated the DLi+ by a variety of techniques including EIS for LiCoO2 thin films of 
different thickness. The calculation of DLi+ for polycrystalline LiCoO2 was reported by 
Garcia et al [41] and Cho et al [42]. Recently, Sharma et al [12] estimated the DLi+ in the 
nano-composite anode, CaO. SnO2 from the EIS data and found that the value is in the 
range, 0.8 – 1.5 x 10-14 cm2s-1 at V ≤ 1.0 V during the first cycle and the 11th discharge 
cycle. The DLi+ can be calculated by using the formula [12]: 
                                            DLi+ = fL L2                                                                 --- (V.4)  
where fL is the limiting frequency in the Nyquist plots where the Warburg region gives 
way to the intercalation capacitance region. That is, the transition from straight line 
(semi-infinite diffusion) of angle ~450 with the real (Z’) axis in the spectrum to almost a 
vertical line (finite diffusion) making angle ~800 with the real axis. Generally, the fL is 
seen at lower frequency region (<0.1 Hz). The L refers to the finite diffusion length in the 
electrode, which is generally considered as the diameter of the grain of the active material 
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Fig.V.14. Selected impedance spectra of nano- (K-Co) redrawn from Fig. V.13 a, b in an 
expanded scale, for the determination of the limiting frequency (fL). First- discharge: (a) 
At 0.3 V and (b) at 0.005 V. First- charge: (c) At 0.03 V and (d) at 0.25 V. The fL values 
and selected frequencies are shown. 
 
    Presently, the DLi+ at different discharge/charge voltages during the first cycle and 
the 11th discharge cycle are calculated by extracting the fL values from the impedance 
spectra of Fig. V.13, in those cases where the Warburg and intercalation capacitance 
regions could be de-lineated. Representative spectra, redrawn from Fig.V.13 are shown in 
Fig. V.14. The Warburg slope ranges from 320 to 360, indicating the non-ideal nature of 
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the electrode. The values of fL are listed in Table V.1. The L value for nano- (K-Co) is 6 
(±2) nm as estimated from the XRD and TEM data (Figs. V.6 and V.7) and the DLi+ 
values are given in Table V.1. The order of magnitude of DLi+ is same as that reported by 
Sharma et al. [12] on nano-CaO.SnO2 system. During the first- discharge, at V = 1.7 V, 
DLi+ is as high as 5.6 (±0.1) ×10-14 cm2 s-1. However, in the voltage range, 0.7 – 0.3 V in 
which the formation of Sn and (Li-Sn) are involved simultaneously, DLi+ varies from 2.0 
to 2.6 (±0.1) × 10-14 cm2 s-1. At 0.005 V, at which the (Li- Sn) alloy formation is complete, 
DLi+ increases slightly to 3.2 (±0.1) × 10-14 cm2 s-1. During the first- charge, the DLi+ is 1.2 
(±0.1) ×10-14 cm2 s-1 at 0.03 V. The reason for such a low value is not clear at present. 
The value increases two- fold when the charging voltage is increased to 0.25 V and 0.45 
V, which correspond to the onset of the de-alloying reaction (Table.V.1).    
From impedance data of nano-(K-Co), it can be concluded that the R(sf+ct) and 
CPE(sf+dl) dominate at high voltage range (0.7-1.7 V) and Rb significantly contributes to 
the overall impedance in the low voltage range, 0.005-0.5 V. The apparent DLi+ obtained 
from EIS is in the range, 2.0 - 2.6 (±0.1) ×10-14 cm2 s-1 at V = 0.25 – 0.45 V during the 
first- cycle. 
V. 8. Summary and Conclusions 
The nano- (K-Co) and nano- (K-In) are prepared by HEB of pre-synthesized 
compounds and characterized by XRD, SEM, and HR-TEM techniques. The SEM and 
HR-TEM data revealed the particle sizes of both are <10 nm whereas the crystallite sizes, 
estimated from the XRD data are 6 – 8 nm. When cycled at 60 mAg-1 (0.12 C) in the 
voltage range of 0.005-0.8 V vs. Li, nano- (K-Co) showed a stable capacity of 500 (±5) 
mAhg-1 upto 60 cycles after which a capacity- fade of 4 % occurs in the range of 60-80 
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cycles. At 1 C-rate, the nano- (K-Co) showed a capacity of 410 (±5) mAhg-1 stable up to 
atleast 100 cycles. Under similar cycling conditions (0.12 C) nano- (K-In) showed an 
initial capacity of 570 (±5) mAhg-1, which dropped to 485 (±5) mAhg-1 (15 % loss). 
Significant improvement has been noted in the heat- treated (300 oC; 12 h; Ar) electrode 
of nano-(K-In) which showed a stable capacity of 570 (±5) mAhg-1 in the range of 5-50 
cycles. Small capacity- fading (3%) is noted between 50 to 60 cycles. When cycled to 
upper cut- off voltage 1.0 V, the nano- (K-Co) showed slightly higher capacity which is 
stable up to 30 cycles, after which capacity- fading of 6% occurs in the range of 30-60 
cycles. The coulombic efficiencies in both the compounds increased to 96-98% in the 
range of 10-60 cycles. For all the nano-phases presently studied, the average discharge 
potential is 0.13 V and average charge potential is 0.5 V vs. Li, as determined by the 
galvanostatic and CV data in good agreement with literature. The cycling performance of 
nano-(K-Co) and nano-(K-In) is much better in terms of the obtainable capacity and its 
stability up to 80 cycles when compared to the performance of micron- size (K-Co) and 
(K-In) described in Part I.   
Impedance spectra were measured on nano-(K-Co) during the first- cycle and 11th 
discharge cycle. The relevant impedance parameters and the apparent Li- diffusion co-
efficient (DLi+) have been evaluated and interpreted in order to support the galvanostatic 
and cyclic voltammetry results. The impedance due to surface film and charge transfer 
(R(sf+ct)) and Warburg impedance (Ws) dominate at higher voltages (> 0.5 V), whereas 
bulk impedance (Rb) also contributes at lower voltages (< 0.5 V). The observed value of 
DLi+ is found to be in the range of 2.0 – 2.6 ×10-14 cm2 s-1 between 0.25 – 0.45 V during 
the first- cycle. The observed galvanostatic cycling, CV, ex- situ -XRD and -TEM data 
  227
have been interpreted in terms of the alloying- de-alloying reaction of Sn in the nano-
composite, ‘Sn-K2O-Co/In- Li2O’. The C- rate performance of nano- (K-Co) is very 
satisfactory and it is concluded that optimized nano-(K-Co) and nano-(K-In) can be good 
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 Nano- composites, SnO(VOx) as anodes for lithium ion batteries* 
 
Abstract    
Nano-composites of SnO(V2O3)x (x = 0, 0.25 and 0.5) and SnO(VO)0.5 are 
prepared from SnO and V2O3/VO by high energy ball-milling (HEB) and are 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and high 
resolution transmission electron microscopy (HR-TEM) techniques. Interestingly, SnO 
and SnO(VO)0.5 are unstable to HEB and disproportionate to Sn and SnO2, whereas HEB 
of SnO(V2O3)x gives rise to SnO2.VOx. Galvanostatic cycling of the phases are carried 
out at 60 mAg-1 (0.12 C) in the voltage range, 0.005-0.8 V vs. Li. The nano-SnO(V2O3)0.5 
showed a first- charge capacity of 435(±5) mAhg-1 which stabilized to 380(±5) mAhg-1 
with no noticeable fading in the range of 10- 60 cycles. Under similar cycling conditions, 
nano-SnO (x = 0), nano-SnO(V2O3)0.25 and nano-SnO(VO)0.5 showed initial reversible 
capacities between 630 and 390 (±5) mAhg-1. Between 10-50 cycles, nano-SnO showed a 
capacity- fade as high as 59%, whereas the above two VOx- containing composites 
showed capacity- fade ranging from 10 to 28%. In all the nano- composites, the average 
discharge potential is 0.2-0.3 V and average charge potential is 0.5-0.6 V vs. Li, and the 
coulombic efficiency is 96-98% after 10 cycles. The observed galvanostatic cycling, 
cyclic voltammetry and ex- situ XRD data are interpreted in terms of the alloying- de-
                                                 
* One paper has been published and one paper was presented at an Intl. Conference based 





alloying reaction of Sn in the nano-composite, ‘Sn-VOx- Li2O’ with VOx acting as an 
electronically- conducting matrix.  
VI.1. Introduction 
 Lithium ion rechargeable batteries (LIBs) are the promising dc- energy source for 
portable electronic devices. To satisfy the ever-increasing demand for high energy 
density LIBs for applications in electric and hybrid electric vehicles (EV/HEVs) and off- 
peak energy storage, lot of research effort is expended to find electrode materials, 
especially the anodes (negative electrodes) which possess high capacity and excellent 
cyclability [1-4]. Li- alloy forming elements M (M = Sn, Si, Sb) [1-8] have received 
much attention due to their ability of reversibly reacting with large amount of Li per 
formula unit. Among these, Si and Sn are considered as most promising elements, as they 
form alloys, Li4.4M. Sn-based intermetallics, oxides and composites are well studied as 
possible alternatives to graphite anode presently employed in the LIBs. However, almost 
all of them suffer from poor cycling performance due to the large unit cell volume 
variation (~300%), which causes disintegration of the electrode material during long- 
term charge/discharge process. The capacity fading can be suppressed to some extent by 
(i) incorporating suitable ‘matrix’ elements, (ii) reducing the particle size to nano-meter 
scale, and (iii) choosing a suitable voltage range of cycling. Accordingly, nano- 
structured materials are explored as potential candidate anodes for LIBs, because they 
can show large reversible capacities due to high surface area, high current- rate capability 
due to short Li- ion diffusion path length and minimization of the strain caused due to 
large volume variations during charge/discharge process [5].  
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  Sn- based binary and ternary oxides in nano- form such as, SnO [9], SnO2 [10, 
11], CaO.SnO2 [12], CoSnO3 [13] have been studied as anode materials. The advantage 
of using oxides is that they can be synthesized with varying morphology, and particle and 
crystallite size can be manipulated, in comparison to Sn- metal. However, an obvious 
disadvantage is that the binary/ ternary oxide is first reduced to Sn- metal by Li, and only 
then the Li- Sn alloy formation can take place. Hence, a large irreversible capacity loss 
(ICL) occurs during the first discharge- charge process. Among all Sn-based oxides, SnO 
is attractive because it has a theoretical capacity as high as 875 mAhg-1 and will have a 
lower ICL compared to other Sn- oxides. There are a few reports on the Li- cyclability of 
bulk (micron- size) and nano- SnO in the literature. Courtney and Dahn [14] found that 
bulk SnO can give an initial reversible capacity of 825 mAhg-1, but the capacity fades 
drastically on long-term cycling in the voltage range, 0.0-1.3 V vs Li. But, when the 
voltage range is restricted to 0.4-1.3 V, somewhat stable capacity is obtained up to 10 
cycles.  Li et al [15] reported that the Li-cycling properties of SnO were influenced by the 
particle size, as was clear from studies on ball-milled SnO. Un-milled SnO gave a first-
charge capacity as high as 760 mAhg-1, but capacity-fading occurred giving only 420 
mAhg-1 at the end of 11th cycle. Similar was the case with ball-milled SnO. Uchiyama et 
al. [16] reported a comparative Li-cyclability study of SnO of different morphologies 
with that of commercial SnO. They found that both meshed and flat plate SnO showed 
initial capacities of 760 and 880 mAhg-1, respectively as compared to 525 mAhg-1 for 
commercial SnO in the voltage range 0.1- 1.0 V at 100 mAg-1. However, drastic capacity- 
fading was noticed in all cases after 20 cycles. Wang et al. [17] studied Li- cycling of 
SnO and Sn.Li2O composite prepared by ball milling of SnO and Li- metal. They noticed 
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lesser ICL in the case of composite and better capacity- retention when cycled in the 
voltage range, 0.02- 1.5 V at 0.1 mA cm-2. The composite electrode showed 170 mAhg-1 
at the 100th cycle whereas ball- milled SnO showed only 20 mAhg-1. Yang et al. [18] 
studied the Li- cycling of SnO particles of different sizes in the voltage window, 0.1- 1.3 
V and found an initial capacity of 530 mAhg-1 at 0.4 mAcm-2. Fairly high ICL was noted 
for fine- particle SnO and a comparatively better capacity- retention till 50 cycles (~350 
mAhg-1). Ning et al. [19] studied the Li- cycling of nanoflower SnO in the voltage range 
of 0.01- 2.0 V at 0.1 C rate. A 4th cycle charge- capacity of ~750 mAhg-1 was noticed, but 
the capacity faded to 450 mAhg-1 within 20 cycles. Chen et al. [20] reported the cycling 
behavior of SnO- carbon nanotube (CNT) nanocomposite and observed a first charge 
capacity of ~780 mAhg-1 in the voltage range 0 - 2.0 V at 40 mAg-1. However, capacity- 
fading was noticed within ten cycles, giving ~ 450 mAhg-1. From the above discussion, it 
is clear that pure SnO in micron/ nano- size and with various morphologies is prone to 
significant capacity- fading on cycling. Composites with SnO appear to show some 
promise, even though not many studies are reported. 
 Recently, Reddy et al. [21,22] studied the Li- cycling properties of VSbO4 and 
(V1/2Sb1/2Sn)O4 and found that the presence of vanadium oxide (VOx) in the composite 
can act as a good matrix and helps in suppressing the capacity- fading of Sb and Sn- 
oxide upon long term cycling. It appears that the strain due to large volume variations 
caused by alloying- de- alloying reactions of Li3Sb and Li4.4Sn is highly buffered due to 
the presence of VOx. Recently, Park et al [23] prepared the composite, SnO.Ti.C by ball 
milling to yield nano-Sn.TiO2.C and examined its Li- cyclability. When cycled in the 
voltage range, 0- 2.5 V vs. Li at 100 mAg-1, an initial reversible capacity of ~ 750 mAhg-
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1 was observed which slowly degraded to ~610 mAhg-1 over 100 cycles (~ 18% capacity- 
fading).  
In the present study, the Li- cycling behavior of the nanocomposites, SnO, 
(SnO(V2O3)x; x = 0.25, 0.5) and (SnO(VO)0.5) prepared by high energy ball- milling 
(HEB), has been examined. It is known that V2O3 and VO exhibit metallic- type 
electronic conductivity at ambient temperature [24- 26]. Studies by Reddy et al. [21, 22] 
and unpublished results (from the author’s laboratory) have shown that pure V2O3 and 
VOx (x ≤1) do not show any significant Li- cycling behavior in the voltage range, 0.005-
1.0 V vs. Li. Thus, it can be concluded that the nanocomposites, SnO(VOx) are 
comprised of only one electrochemically- active element (Sn) towards Li. Accordingly, 
the present results show that the nanocomposite SnO(V2O3)0.5 exhibits a reversible 
capacity of 380 (±5) mAhg-1 with no noticeable capacity- fading in the range, 10- 60 
cycles when cycled at 0.12 C in the voltage range, 0.005- 0.8 V vs. Li. 
VI.2. Experimental 
 Commercial SnO (Acros Organics, 98%), V2O3 (Acros Organics, 99%) and VO 
(Alfa Aesar, 99%) were employed to prepare the nano-composites by high energy ball 
milling (HEB). The same procedure as described in Part II of Chapter V for the 
preparation of nano-phase K2(M2Sn6)O16, is followed. For the sake of convenience, the 
nano-composites prepared by HEB are referred as nano-SnO (x = 0), nano-SnO(V2O3)x 
(x = 0.25, 0.50) and nano-SnO(VO)0.5.  
Structural and morphological characterizations were carried out as described in 
earlier Chapters. Chemical analysis for Fe and Cr of selected nano-composites was 
performed by inductively coupled plasma optical emission spectrometer (ICP-OES) 
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system (Perkin Elmer Dual-View Optima 5300 DV). The composites were dissolved in 
an acid mixture using Milestone microwave laboratory system for the analysis. The 
electrode fabrication, electrochemical characterization and ex-situ- XRD studies were 
carried out as described in earlier Chapters.  
VI.3. Results and discussion 
VI.3.1. Structure and morphology 
 The powder X-ray diffraction (XRD) pattern of SnO-C (commercial) is shown in 
Fig.VI.1a. It is indexed as per the tetragonal structure (space group, P4/nmm). The lattice 
parameters, calculated by the Rietveld refinement (Topas R 2.1 software) are: a = 3.801 
(2) Å and c = 4.835 (2) Å. These agree with those reported in the JCPDS card no 85-0712. 
Fig.VI.1b shows the XRD pattern of nano-SnO. Surprisingly, the XRD pattern shows the 
characteristic lines of SnO2 [JCPDS card no. 77-0452] and Sn- metal [JCPDS card no. 
04-0673] and the lines due to SnO are completely absent. This can be ascribed to the 
disproportionation of SnO by self oxidation-reduction during the HEB in Ar- atmosphere 
as per Eqn. VI.1.  
                             2 SnO → SnO2 + Sn                                                         ---(VI.1) 
The forward reaction of Eqn. (VI.1) is energetically favorable due to negative Gibbs free 
energy change (∆G0298 = -5.9 kJ mol-1) and is aided by moderately mild temperatures [27]. 
It is well known that HEB gives rise to local heating of the material particles, to 
temperatures as high as 500-600 oC, and this can enhance the rate of reaction of Eqn. 
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Fig.VI.1. Powder X-ray diffraction patterns. (a) SnO (commercial), and (b) nano-SnO 
(after high energy ball milling). Miller indices (h k l) are shown.  
 
Fig. VI.2a shows the XRD pattern of nano-SnO(V2O3)0.25. It shows only lines due 
to tetragonal SnO2 [JCPDS card no. 77-0452] except for a very small amount of SnO 
(peak at 2θ = 30.2o). As SnO is a good reducing agent, it forms SnO2 by reducing V2O3 to 
its lower valency state (VOx, x ~1.0). No lines due to Sn- metal are seen. Thus, the 
composite consists of SnO2.VOx. Fig. VI.2b shows the XRD pattern of nano-SnO(VO)0.5 
and as can be seen, lines due to both SnO2 and Sn- metal are present, as can be expected 
because VO can not be reduced to V- metal by SnO. Thus, the composite consists of  
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Fig.VI.2. Powder X-ray diffraction patterns. (a) Nano-SnO(V2O3)0.25, and (b) nano-
SnO(VO)0.5. Miller indices (h k l) are shown. 
 
SnO2.Sn.VOx (x~1) and Figs. VI.1b and VI.2b bear good resemblance. In the XRD 
patterns of nano-SnO(V2O3)0.25 and nano-SnO(VO)0.5, lines due to VOx are not seen, 
possibly due to their amorphous nature, as a result of HEB. It may be pointed out that 
Park et al. [23] did not notice lines due to TiO2 in their composite, Sn.TiO2.C prepared by 
the ball-milling of SnO.Ti.C.  
It is known that HEB of reactants employing stainless steel balls and vials gives 
rise to iron (Fe) and chromium (Cr) metal impurities as a result of non-negligible 
deterioration of the components. Lee et al [28] during their studies on the synthesis of Ti-
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Si and Ti-Si-Al alloys by HEB noticed ~5 and ~1 at. % of Fe and Cr respectively, as 
impurities after 20 h of HEB. In the present study, chemical analysis of nano-SnO(V2O3)x 
(x = 0.25 and 0.5) and SnO(VO)0.5 by ICP-OES yielded ~0.9- 3.3 wt. % and ~ 0.1- 0.2 
wt. % of Fe and Cr, respectively depending on the value of x. The XRD patterns did not 
reveal any lines due to the Fe and Cr metals in the above composites, due to their small 
content and amorphous nature.  
Fig. VI.3a shows the SEM photograph of nano-SnO(VO)0.5 with a flake- type 
morphology containing agglomerated particles. The TEM photograph of nano-
SnO(V2O3)0.25, shown in Fig. VI.3b also indicates the agglomeration of nano-particles of 
size, 20- 30 nm. The crystallite sizes of nano-SnO and nano-SnO(V2O3)0.25 were 
calculated by using the Scherrer’s formula, P =  K / (1/2 cos, where P is crystallite 
size, K is Scherrer constant (0.9),  is the wavelength of Cu K- radiation (1.54059 Å), 
1/2 is the full width at half maximum (FWHM) in radians of the XRD peak and   is the 
scattering (Bragg) angle [12]. The XRD- instrumental broadening was calculated by 
using the nano-TiO2 (anatase) (Evonik Degussa; 99.5%) of ~25 nm particle size as the 
standard and was found to be 0.08o. For TiO2, we assume the crystallite size is of the 
same order as particle size. The crystallite sizes of the composites were calculated by 
using 1/2 (FWHM) values of two or three high intensity peaks and the corresponding 
values in the XRD patterns (Fig. VI.1b and VI.2a). The average crystallite sizes (P) 
obtained are, nano-SnO: 12 (±3 nm); and nano-SnO(V2O3)0.25: 13 (±3 nm), thereby 












Fig.VI.3. (a) SEM photograph of nano-SnO(VO)0.5. (b) HR- TEM photograph of nano-
SnO(V2O3)0.25. Scale bars are shown. 
 
VI.3.2. Electrochemical Studies 
VI.3.2.1. Galvanostatic cycling of nano- SnO  
 The capacity- voltage profiles of discharge and charge cycles of nano-SnO, at a 
current density 60 mAg-1 (0.12 C) in the voltage range of 0.005- 0.8 V vs. Li, up to 50 
cycles are shown in Fig. VI.4 a and b. Only selected cycles are shown for clarity. The 
first discharge profile (Fig. VI.4a) commenced from the open circuit voltage (OCV ~2.0 
V) to the lower cut off voltage, 0.005 V. The voltage drops continuously and a broad 
plateau at ~0.9 V followed by a continuous sloping region is noticed up to the voltage of 
0.005 V. This is expected, since the nano-SnO consists of the composite, Sn.SnO2. 
Amorphisation/crystal structure destruction of SnO2 will occur according to Eqn. (VI.2). 
At the same time, alloying reaction of Sn will also occur as per Eqn. (VI.3), thus giving 
rise to a small voltage plateau at ~0.4 V and a continuously sloping profile is noticed till 
the end of discharge. The total first- discharge capacity is 1500(±5) mAhg-1 (7.5 moles of 
Li per mole of nano-SnO). The expected first- discharge capacity according to Eqns. VI.2 
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and VI.3 is only 6.4 moles of Li. The extra consumption of 1.1 moles of Li can be 
ascribed to the solid-electrolyte interphase (SEI) formation [9, 12, 14, 15, 29].  
       ½ SnO2 + 2 Li+ + 2 e- → ½ Sn + Li2O   (e- = electron)                                    ---(VI.2) 
       Sn + 4.4 Li ⇌ Li4.4Sn                                                                                        --- (VI.3)                         







Fig.VI.4. Galvanostatic discharge-charge profiles of nano-SnO: (a) 1st cycle; (b) 2- 50 
cycles. The numbers indicate cycle number. Voltage range, 0.005- 0.8 V vs. Li, at a 
current density of 60 mAg-1 (0.12 C). 
 
During the first- charge, a broad voltage plateau is noticed at ~0.6 V 
corresponding to the de-alloying reaction (Eqn. (VI.3); Fig. VI.4a). The total first charge 
capacity is 575(±5) mAhg-1 (2.9 moles of Li), with a net ICL value 925(±5) mAhg-1 (4.6 
moles of Li). The discharge- charge profiles between 2- 50 cycles are analogous to that of 
the first-charge profile. It is clear from Figs. VI.4 b and VI.5a (capacity vs. cycle number 
plot) and the data presented in Table VI.1, large capacity- fading occurs in nano-SnO and 
between 10-50 cycles, the total capacity loss is 59%.These results are in agreement with 
those reported on micron-SnO and nano-SnO in the literature [9, 15, 17].  
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Fig.VI.5. Capacity vs. cycle number plots. (a) Nano-SnO; (b) Nano-SnO(V2O3)0.25 at 
0.12 C and 0.5 C (1 C = 500 mAg-1); (c) Nano-SnO(V2O3)0.5 and (d) Nano-SnO(VO)0.5. 
Voltage range, 0.005-0.8 V vs. Li, at current density of 60 mAg-1 (0.12 C). Filled 
symbols: Discharge capacity; Open symbols: Charge capacity. 
 
VI.3.2.2. Galvanostatic cycling of composites, nano-SnO(VOx) 
The capacity- voltage profiles of nano-SnO(V2O3)0.25 at 60 mAg-1 (0.12 C), in the 
voltage range, 0.005- 0.8 V are shown in Fig.VI.6a and b. As discussed earlier, the nano-
composite consists of SnO2.VOx. The first- discharge starts from the OCV (~2.5 V) and 
broad voltage plateaus at ~1.0 V and ~0.7 V are noticed until a capacity of 900(±5) 
mAhg-1 (consumption of 5.8 moles of Li per mole of composite) is reached. This is 
followed by a minor plateau at ~0.2 V, at the end of which a total capacity of 1915(±5) 
mAhg-1 (12.3 moles of Li) is obtained (Fig.VI.6a and Table VI.1). The voltage plateaus at 
~1.0 V and ~0.7 V may correspond to the structure destruction of SnO2 and formation of 
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Sn- metal and the plateau at ~0.2 V corresponds to the alloy formation, Li4.4Sn (Eqn. 
VI.3). The theoretical first- discharge capacity, as per Eqns. (VI.3 and VI.4) is 1075 
mAhg-1 (6.9 moles of Li) (Table VI.1). 
 SnO(V2O3)0.25 + 2.5 Li+ + 2.5 e-→ Sn + 0.5 VO + 1.25 Li2O                      ---(VI.4) 
 
Table.VI.1 Theoretical and observed capacities (corresponding number of moles of Li 
per formula unit) of nano-SnO and nano-SnO(VOx) composites. Voltage range, 0.005- 
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During the first- charge cycle, a broad voltage plateau, which is due to the de- 
alloying reaction of Li4.4Sn, onsets at ~ 0.6 V (Fig. VI.6a). The total first- charge capacity 
is 500(±5) mAhg-1 (3.2 moles of Li per mole of composite), whereas 685 mAhg-1 (4.4 
moles of Li) is expected theoretically. The second- discharge profile is different from the 
first- discharge profile, where only a sloping region is noticed from ~0.7 V to ~0.2 V and 
another sloping region till 0.005 V (Fig.VI.6b). The total second- discharge capacity is 
545(±5) mAhg-1 (3.5 moles of Li). The charge profiles in the range, 2-60 cycles are 
analogous to the first charge- profile establishing the same reaction mechanism, i.e., de- 
alloying of Li4.4Sn formed during the discharge reaction. The capacity vs. cycle number 
plot, shown in Fig.VI.5b, indicates small capacity- fading between 10-50 cycles 
corresponding to the loss of 11%, and the coulombic efficiency reaches 96-98% (Table 
VI.1). The capacity contribution due to the VOx present in the nano-composite can be 
neglected, because unpublished results from the author’s laboratory indicated that ball-
milled V2O3 shows only 75 (±5) mAhg-1 at 60 mAg-1 when cycled in the voltage range 
0.005- 0.8 V and this includes the conducting carbon contribution.  
Galvanostatic cycling was also carried out with an upper cut- off voltage of 1.0 V 
at 60 mAg-1. The voltage- capacity profiles, shown in Fig. VI.7a, b, are analogous to the 
profiles of nano-SnO(V2O3)0.25 in the range, 0.005- 0.8 V (Fig.VI.6a, b). The observed 
first- discharge capacity is 1810(±5) mAhg-1 (11.6 moles of Li), whereas the first- charge 
capacity is 565(±5) mAhg-1 (3.6 moles of Li) with the observed ICL being 1245(±5) 
mAhg-1 (8 moles of Li). The reversible capacity at the end of 40th cycle is 450(±5) mAhg-
1 (2.9 moles of Li) (Table VI.1). Capacity- fading occurs similar to the cycling behavior 
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with the upper cut- off voltage of 0.8 V, and the capacity-fade is 14% between 5-40 




















Fig.VI.6. Galvanostatic discharge-charge profiles. Nano-SnO(V2O3)0.25: (a) 1st cycle and 
(b) 2- 50 cycles. Nano-SnO(VO)0.5: (c) 1st cycle and (d) 2- 50 cycles. Nano-SnO(V2O3)0.5: 
(e) 1st cycle and (f) 2- 60 cycles. The numbers indicate cycle number. Voltage range, 
0.005- 0.8 V vs. Li, at a current density of 60 mAg-1 (0.12 C). 
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The rate capability of nano-SnO(V2O3)0.25 was tested on a duplicate cell at the 
current rate of 0.5 C (250 mAg-1), in the voltage range of 0.005- 0.8 V up to 70 cycles 
(Fig. VI.5b). The initial capacities during 1st discharge and charge cycle are 1760(±5) 
mAhg-1 (11.3 moles of Li) and 390(±5) mAhg-1 (2.5 moles of Li), respectively. A 
capacity of 330- 300(±5) mAhg-1 (1.9 moles of Li) is observed in the range, 10-70 cycles 















Fig.VI.7. Galvanostatic discharge-charge profiles. Nano-SnO(V2O3)0.25: (a) 1st cycle and 
(b) 2- 40 cycles. Nano-SnO(VO)0.5: (c) 1st cycle and (d) 2- 40 cycles. The numbers 
indicate cycle number. Voltage range, 0.005- 1.0 V vs. Li, at a current density of 60 mAg-
1 (0.12 C).   
 
 
The capacity- voltage profiles of nano-SnO(V2O3)0.5 at 60 mAg-1 (0.12 C), in the 
voltage range, 0.005- 0.8 V are shown in (Fig. VI.6e, f). They are similar to those 
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observed for nano-SnO(V2O3)0.25. The first- discharge capacity is 1850(±5) mAhg-1 (14.5 
moles of Li) and the first- charge capacity is 435(±5) mAhg-1 (3.4 moles of Li). The 
observed ICL (1415 mAhg-1; 11.2 moles of Li) is larger in comparison to that found in 
nano-SnO(V2O3)0.25, as can be expected due to the increased content of V-oxide. The 
reversible capacity showed a slight decrease up to 10 cycles, and stabilized to 380(±5) 
mAhg-1 (3 moles of Li) up to 60 cycles, with no noticeable capacity- fading (Fig. VI.5c 
and Table VI.1). 
Fig. VI.6 c,d show the capacity- voltage profiles of nano-SnO(VO)0.5 at 60 mAg-1 
(0.12 C) in the voltage range, 0.005- 0.8 V up to 50 cycles. The profiles are analogous to 
those measured on nano-SnO and contain Sn, SnO2, and VOx as a result of ball milling. 
The total first- discharge capacity is 1375(±5) mAhg-1 (8.6 moles of Li) which is larger 
than the expected value 1020 mAhg-1 (6.4 moles of Li). During the first- charge, a broad 
voltage plateau at ~0.45 V followed by two more small plateau regions at ~0.6 and ~0.7 
V are seen. These plateaus are due to the de- alloying reaction to form Sn metal particles. 
These plateau regions persist in subsequent cycles (up to 20) as is clear in Fig. VI.6d, and 
are almost similar to the profiles shown by nano-SnO (Fig. VI.4b). The total first- charge 
capacity is 500(±5) mAhg-1 (3.1 moles of Li). Thus, the ICL during the first cycle is 
875(±5) mAhg-1 (5.5 moles of Li). The second- discharge and -charge profiles are 
analogous to the first- discharge and -charge profiles, and showed total capacities of  
540(±5) mAhg-1 (3.4 moles of Li) and 505(±5) mAhg-1 (3.2 moles of Li), respectively. 
The reversible capacity remains stable up to 10 cycles but decreases thereafter. At the end 
of 50th cycle, the capacity is 380(±5) mAhg-1 (2.4 moles of Li) which corresponds to a 
capacity-fade of 25% between 5-50 cycles (Fig. VI.5d and Table VI.1). The capacity- 
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voltage profiles of nano-SnO(VO)0.5 in the voltage range, 0.005 – 1.0 V, at 60 mAg-1  are 
similar to the profiles in the voltage range, 0.005- 0.8 V (Fig. VI. 6 c, d and VI.7 c, d). 
The total first- discharge capacity is 1600(±5) mAhg-1 (10 moles of Li), whereas the first- 
charge capacity is 630(±5) mAhg-1 (4 moles of Li). The reversible capacity at the end of 
40th cycle is 460(±5) mAhg-1 (2.9 moles of Li), showing a capacity fade of 28% between 
5-40 cycles (Table VI.1). Thus, cycling of nano-SnO(VO)0.5 to an upper cut- off voltage 
of 1.0 V gave only a small increase in capacity, but the capacity- fading behavior is 
similar to that encountered when cycled to 0.8 V cut- off.   
 From Fig. VI.5 and Table VI.1, the following conclusions can be drawn: 1. Nano-
SnO shows capacity-fading on cycling up to 50 cycles at 0.12 C-rate in the voltage range, 
0.005-0.8 V vs. Li. It shows a large capacity-fading (59% between 10-50 cycles), 
possibly due to the presence of nano-Sn-metal and nano-SnO2 as a result of HEB of SnO. 
Hence, nano-SnO or (Sn.SnO2), without any matrix element shows capacity-fading, and  
this result is in agreement with several reports on the Li- cycling of micro- and nano- 
SnO in the literature [9,14,15,16,17,19]. 2. Nano-SnO(V2O3)0.25 shows smaller reversible 
capacity in comparison to nano- SnO, as can be expected due to the presence of matrix of 
VOx. This nano-composite consisting of SnO2.VOx shows capacity-fading under the 
above cycling conditions, with a loss of only 11% between 10-50 cycles. The nano-
composite with a higher content of V2O3, namely, nano-SnO(V2O3)0.5 shows no 
noticeable capacity-fading up to at least 60 cycles. Thus, increasing the VOx content with 
respect to Sn- content has a profound effect on the Li- cyclability of the nano- composite. 
3. The nano-composite with VO as the matrix, namely, nano-SnO(VO)0.5 shows capacity- 
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fading of 25%, in comparison to the value of 11% encountered in nano-SnO(V2O3) 0.25, 
even though the nominal VOx- content in both the composites is the same. This is 
understandable because the latter phase is composed of (SnO2.VOx) whereas the former 
phase is composed of (Sn.SnO2.VOx). Here, we may mention that the effect of Fe/Cr 
impurities, noticed as a result of HEB, on the electrochemical behavior of the 
nanocomposites is negligible, since they do not form alloys with Li- metal. Further, 
because the upper cut-off voltage for cycling is 0.8 V, no oxidation of Fe/Cr can occur at 
this voltage by the ‘conversion reaction’ (Fe + Li2O ⇌ FeO + 2 Li). Thus, it is concluded 
that both nano- size SnO2 and inactive matrix (VOx) mutually help each other to buffer 
the large unit cell volume variations and help in better Li- cycling via Eqn.VI.3, and the 
Sn- V ratio of 1:1, as in nano-SnO(V2O3)0.5, is found to be the optimum.  
VI.3.2.3. Cyclic voltammetry 
 Cyclic voltammetry, a complementary tool to galvanostatic cycling performance, 
is commonly employed to establish the reversibility of electrode materials vs. Li and to 
evaluate the potentials at which the discharge- charge reactions take place. Cyclic 
voltammograms (CV) of nano-SnO(V2O3)0.5 and nano-SnO(VO)0.5 at the slow scan rate 
of 58 µV s-1, in the potential range of 0.005- 0.8 V, were recorded up to 40 cycles and up 
to 6 cycles, respectively and are shown in Fig. VI.8. The Li- metal acts as the counter and 
reference electrode.  
 The first- cathodic scan of nano-SnO(V2O3)0.5 started from an OCV (~3.0 V), with 
a broad peak at ~ 0.8 V, which corresponds to the crystal structure destruction and 
formation of Sn nanoparticles embedded in VO and Li2O amorphous matrix (Eqn. 
VI.4)(Fig. VI.8a). This is followed by a shoulder peak at 0.4 V and a broad peak centered 
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at 0.14 V. These two peaks correspond to the alloying of Sn in stages to reach the 
composition, Li4.4Sn (forward reaction of Eqn. VI.3). During the first- anodic scan, a 
broad peak at 0.56 V is seen, which corresponds to de- alloying reaction to form Sn metal 
nanoparticles. The second- cathodic scan is similar to the first- cathodic scan except for 
the absence of the shoulder peak at ~0.4 V. Between 2 - 40 cycles the anodic peak shifted 
to a slightly lower potential value (~0.5 V), which indicates that the de-alloying reaction 
occurs at lower potential due to nano-size effect and ‘conditioning’ of the electrode. The 
average charge and discharge potentials noticed from CV are ~0.5 and ~0.2 V, 
respectively which match well with the voltage plateaus seen in the galvanostatic charge- 
discharge profiles. The areas under the peaks in the CVs decrease slowly from 2 to 10 
cycles showing slow capacity- fading. On the other hand, the areas under the peaks from 
11-to-40 cycles are almost same which indicate almost nil capacity- fading and this is 
corroborated by the galvanostatic data (Fig.VI.5c). 
The CVs of nano-SnO(VO)0.5 are shown in Fig. VI.8b. The first- cathodic scan 
started from the OCV (~ 2.3 V) and shows several low- intensity peaks in the potential 
range, 0.4- 1.2 V. The crystal structure destruction (amorphization of lattice) to form Sn 
nanoparticles embedded in VO and Li2O occurs in this potential region and, as mentioned 
earlier, XRD shows that the nano-composite consists of Sn.SnO2.VO. The first- cathodic 
scan also shows a broad split peak centered at 0.24 V, which corresponds to the alloy 
(Li4.4Sn) formation. The first- anodic scan shows medium- intensity peaks at 0.47 V and 
0.62 V and a low- intensity peak at 0.73 V. These peaks correspond to the de- alloying 
reaction to form Sn metal nanoparticles and seem to occur in stages. The second- 
cathodic scan differs from the first- cathodic scan, in that the low- intensity peaks are 
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seen at 0.68 V and ~0.5 V and the split peak is now centered at 0.31 V. This shows that 
alloying reaction is occurring in stages. The CVs of 2- 6 cycles overlap well showing 
good reversibility, but also indicate capacity- fading  due to the decrease in the areas 
under the peaks from 2-to-6 cycles. The CV peaks are reflected as voltage plateaus in the 
galvanostatic profiles in Figs. VI.6c and d. The CVs of nano-SnO are analogous to those 
















Fig.VI.8. Cyclic voltammograms of (a) Nano-SnO(V2O3)0.5, 1-40 cycles, (b) Nano-
SnO(VO)0.5, 1- 6 cycles and (c) Nano-SnO, 1-6 cycles. Scan rate, 58 V s-1. Li- metal 
anode was the counter and reference electrode. Numbers represent the potentials in volts. 
Integer numbers represent cycle numbers.  
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cycling behavior in the composites in the potential range, 0.005-0.8 V and acts only as an 
electrochemically-inactive, but electronically-conducting matrix (Fig. VI.8c). 
 A comparison of CVs of Fig. VI.8a and b clearly reveal the difference in cycling 
behavior of electrochemically-formed nano-particles of Sn (via Eqn.VI.2) and that of 
nano-Sn obtained by the HEB process. Fig.VI.8a shows only one well-defined cathodic 
and anodic peak indicating that the alloying-de-alloying reaction (Eqn.VI.3) takes place 
in a continuous fashion. The fine structure, by way of additional cathodic and anodic 
peaks noticed in Fig.VI.8b for the nano-SnO(VO)0.5 are due to the alloying –de-alloying 
reaction of nano-Sn (along with SnO2) formed during the ball-milling process.  Studies 
by Courtney et al [30] on the Li-Sn system, by Park and Sohn [31] and Hassoun et al [32] 
on the nano-composite, Sn-C have shown that whenever Sn- metal is used as the active 
material, the alloying –de-alloying reaction always goes through several stages, 
depending on the value of y from 0 to 4.4 in LiySn at various fixed potentials ranging 
from 0.2 to 0.8 V vs Li. Indeed, the observed anodic paeks at 0.62 V and 0.73 V in 
Fig.VI.8b correspond to y = 1.75-2.5 and 1.0, respectively [30]. The matrix (VOx, x~1) is 
not able to buffer the volume changes occurring, in stages, during the reactions of 
Eqn.VI.3 in nano-SnO(VO)0.5, and hence the observed capacity-fading on cycling (Fig. 
VI.5d). On the other hand, VOx is able to buffer the volume changes occurring during 
cycling of nano-SnO(V2O3)0.5, since no stages were observed in the alloying-de-alloying 
reactions of Eqn.VI.3 (Fig. VI.5c). To summarize, the CV studies corroborate the 
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reaction of SnO2/SnO with Li-metal as per Eqn.VI.4 (Fig. VI.9b). This is in accord with 
galvanostatic and CV data. The pattern at 0.05 V (Fig.VI.9c) shows the characteristic 
lines of both Li-Sn alloy (2θ = 20 – 250) and Sn- metal (2θ = 30 - 350) as per the forward 
reaction of Eqn.VI.3, which is expected to be completed upon deep discharge to 0.005 V. 
The XRD pattern at 0.8 V at the end of first- charge, shown in Fig. VI.9d, does not show 
the lines of Sn-metal (reverse reaction of Eqn.VI.3), possibly due to the nano- size nature 
of the particles. Thus, the ex-situ XRD measurements corroborate the galvanostatic and 
CV data and lend support to the Li- cycling mechanism. 
VI.4.Conclusions    
The nano-composites, SnO(V2O3)x (x = 0, 0.25 and 0.5) and SnO(VO)0.5 are 
prepared from SnO and V2O3/VO by high energy ball-milling (HEB) and are 
characterized by XRD, SEM, and HR-TEM techniques. Interestingly, SnO and 
SnO(VO)0.5 are not stable to HEB and undergo self oxidation- reduction to give Sn and 
SnO2. Ball-milling of SnO(V2O3)x gives rise to a nano-composite of SnO2 and VOx. The 
Li- cycling properties are evaluated by galvanostatic discharge- charge cycling and cyclic 
voltammetry with Li as the counter electrode at room temperature. The nano-
SnO(V2O3)0.5 showed a first- charge capacity of 435(±5) mAhg-1 which stabilized to 
380(±5) mAhg-1 with no noticeable fading in the range of 10- 60 cycles when cycled at 
60 mAg-1 (0.12 C), in the voltage range 0.005- 0.8 V. Under similar cycling conditions, 
nano-SnO, nano-SnO(V2O3)0.25 and nano-SnO(VO)0.5 showed initial reversible capacities 
between 630 and 390 (±5) mAhg-1. Between 10-50 cycles, nano-SnO showed a capacity- 
fade as high as 59% in good agreement with literature reports, whereas the above two 
VOx- containing composites showed capacity- fade ranging from 10 to 28%. Cycling to 
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an upper cut- off voltage, 1.0 V gives rise to a slight increase in the reversible capacity in 
the case of nano-SnO(V2O3)0.25 and nano-SnO(VO)0.5. However, capacity- fading also 
increased in them in comparison to the performance with 0.8 V cut- off (Table VI.1). The 
coulombic efficiency increased in all the nano-composites to 96 - 98% after 10 cycles. 
The presence of matrix (VOx) enhances the Li- cycling behaviour by buffering the unit 
cell volume variations and providing an electronically conducting network to Li- 
diffusion in the nano-composites. The observed galvanostatic cycling, CV and ex- situ 
XRD data have been interpreted in terms of the alloying- de-alloying reaction of Sn in the 
nano-composite, ‘Sn-VOx- Li2O’. In all the nano- composites presently studied, the 
average discharge (alloying) potential is 0.2-0.3 V and average charge (de-alloying) 
potential is 0.5-0.6 V vs. Li, in good agreement with literature reports on the Sn-oxides. It 
is concluded that upon further optimization, the nano-SnO(VOx) can be a prospective 
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Conclusions and Suggestions for Future Work 
 The results of the present studies deal with the investigations on Li- storage and 
cyclability of mixed metal oxides and cobalt nitride. The mixed oxides studied are: Mo3- 
cluster compounds, Li(Y/Ho)Mo3O8, A2Mo3O8 (A = Mn, Co, Zn), Sn- hollandites, 
K2(M2Sn6)O16 (M = Co, In) and nanocomposites, SnO(V2O3)x(x = 0. 0.25, 0.5) and 
SnO(VO)0.25. The reaction mechanism involved during Li- cycling is ‘conversion’ (for 
Mo- compounds and CoN) and/or ‘alloying-de-alloying’ (for Sn- oxides) reactions. The 
presence of different counter metal ions, the starting crystal structure, particle size, 
morphology, nature and quantity of matrix (counter) elements and the upper cut- off 
voltage range influence the Li- cycling behavior.  
 The following conclusions can be drawn from the present studies: 
1. Li- cycling behavior of the Mo3- cluster compounds depends on the counter metal 
ions (Li, Y/Ho, Mn, Co, Zn). The heat- treated electrode with A = Co, Zn showed 
improved Li- cycling performance compared to the bare electrodes. This is 
ascribed to a more homogeneous distribution of the active material in the 
composite electrode (containg carbon and binder) and good adherence to the 
current collector. 
2. Nanoflake CoN showed an increasing trend in the reversible capacity with the 
increase in the cycle number, and with excellent rate capability.  
3. The nano-phase tin hollandites, K2(M2Sn6)O16 (M = Co, In) showed better 
capacity retention on cycling as compared to the corresponding micron- size 
particles. Excellent rate capability was shown by nano-phase with M = Co. The 
  260
heat treated electrode of nano-phase with M = In, showed a stable capacity as 
compared to the bare electrode.  
4. The presence of V2O3 and VO (electrochemically- inactive matrix) and reduction 
of particle size improved the Li- cycling performance of SnO(VOx) composites, 
but at the cost of lowering the capacity values.  
On the basis of the conclusions drawn from the present work, following suggestions 
are made for further study: 
1. Other isostructural compounds, A2Mo3O8 with A= Fe, Ni, Cd, (LiGa) and (LiIn) 
which are already known in the literature, can be prepared by carbothermal/ other 
methods and their Li- cyclability must be examined, so that the proposed Li- 
cycling mechanism is substantiated. Also, In can form an alloy with Li, so that the 
reversible capacity can be increased. It has not been possible to prepare nano- 
A2Mo3O8 compounds by the carbothermal method. It is worthwhile exploring 
other/ hydrothermal methods to obtain the above nano-phase. 
2. Till now, bulk powders/nano- particles of metal nitrides of MN, M = Co, Fe, Ni 
have not been examined for their Li- cyclability. In view of the excellent Li- 
cycling performance of nano-flake CoN, it is worthwhile to explore the above. 
3. Studies should be continued on tin- oxides with different crystal structures and to 
optimize the content of electrochemically inactive- or -active ‘matrix element’ to 
achieve a high and stable reversible capacity. Some examples are: ZnSnCoO4 and 
ZnSnNiO4 (spinel structure), Sn2TiO4, SnWO4, Sn2WO5 and Sn3WO6. 
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4. To reduce the high irreversible capacity loss (ICL) during first- discharge and 
charge cycle observed in almost all the oxide systems, composite with metal 
particles may be prepared and studied. 
